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AWiKBliAIC MRTHOrKS AZIMUTH. HUTRllMIXATlOX OF 


Ai.tfKHUATc MCTltouH njijiliwl in th«' triwinu nf | 
ri\,yA tliniush a w'jHm nf cHiaxial sph^Hfal 
n’fnu’tirifc Kittfjuw. Sw* “ Optu-al ('iik'ulft- j 
U<iiw,” I { 2 J. ' 

Ai.hiadk tm iSttiilT-ufj.K, Tuk. Siv *' Murvi*v- 
ing and Kurv*'yitig fiiH(ruiiu'iif>«," § (IH). 

At.Kar.tNK (’akhonatkh. Arrios ns (Ji.asn, ■ 

Hw “(UtMW, Clu'mii’itl i 
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At.KAt.W tWKlt tN (Jt.AHU .VlAKt'rAtTnKK. Hc*<» 
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At.UMIVA, Uh« ttr. IM Ot.A«« MANttrACTt'IlK. i 
Hw ** tJliM**," I (10). i 

I 
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to wtiU'r ftttm'k. Hw (‘hnniffil | 

of,” 1(1). I 
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wftw-k*ngth Jiswwrtiit'mpnta wiw 
in fc<»fi»miIIi«ifiUw of it mlllimt'tm. Thk 
unit of Iwtgfch* I K 10 **• mHrp, the “ Ang* 
rtrcim Unit," te now almost nnivwmlly 
uml in Mwwuwmnnt^ of the waw>li»ngtli 
of liglit, Hw ‘‘VViiviolnngUw. Thw Mtmaure- 
moot **f," 1(1). 

AnKRTtfRE orHTow, KrrmmvK. *‘t*«nnnt 
Toatlng of," | (H). 

APi^RATttt JlKrRACTums mfmotion hy an 
fiptioitl nurfaw un«t«*r wirh of«mUtiotw that 
uphorioal ttl»f>rmtion k wirnjilotoly alwont, 
i 4 *o ** Mjt’roiM.{t{K». (({iiit’Siif § (f»), 

U*t‘d by AbW to Imply nlmmvt* of hotli 
iphorkiftl al»*rratlon and roinit. Boo 
"Optiottl Caioulittiotw,*' I (H). 

A^tfRoys litfMotfR, ono of till* finida oontairnnl 
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Am', UoonKi.t.'s Hi'Kaksno, *$» wnmri ropm* ' 
duof'r. Hot* " B«iuml," | (’i«) j 

Ahmksu-, Use or, fj« (U,Am MASWAcrvutt \ 
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“ Ia'Iwm, Tht'ory of .Situplo," § (ll). 
MoaHUO'tm'tii of. in cntui'ra Ioiimoh, Boo 

" C.UIMTH Ia'IIWM, 'i’fNlitlg of," § (li). 

AsTKoNoMtcM, Mktuouh, itwd in navigation. 
Sis' ** Xavigaliou ami .N’avigiitional InatrU" 
mont i," § (ll). 

A’raoMfitRittt' AnsoiuTtoN or l.touT. ,Sw>i 
•' I'hotonit'try aiol Uluiuination," § ( 117 ). 

AT.\ioHt«ftKun* Ut'MT, f*)rri?fT on (it.ABM Ht'u- 
FA«*KH. .Hih' "I!Iii}i.h, ('hotnioal Uwompoai- 
tion of." 1(1). 

Atumio UtAMETKlts, f,AW Of: ll law, dtMhu'iHl 
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Atftiirnm, Lmiw or. B«i "Sound," | (,17) 
Clii.). 

Atmanjt.t.iMATlNu F.YEMKfKS mi oyopiiw 
witli wlsit'h w nwiK’iiitwl a doA'iro for throwing 
light on tin* rrm* linos in »urh a way that 
if thr toli»a«‘o(tt» ia jdaroil normal to a piano 
rtdhwting wutfins* a ndli'otwl imago of the 
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i (H). 

Axis, Urnc, or a Unv.WAt. ; a ilitfolion in 
tin* rryatal atmh that light waves truvolling 
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** Light, iRmblt* Itofraotion of." 
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the wave sutfaco, Hts* " Light, Uonlih’ lir>- 
frartion of." 

AwMt'Tir, liETKitMixATJos nr. ,K»‘o ".Survey, 
ing atnl Hiirveying Itwlmnn'tiki," | {’IH), 
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Azimuth Mirror, for use at sea. See 
“ Navigation and Navigational Instru- 
ments,” § (23). 

a-Particlo, charge carried by. See “ Radio- 
-activity,” § (11) (vi.). 

Nature of : a helium atom carrying two unit 
positive charges. See ibid. § (11) (vii.). 
Ratio of Charge to Mass of, determined by 
measuring the deflections produced re- 
spectively in a magnetic and in an electric 
field. See ibid. § (11) (v.). 


a-Particles, counting of, by (a) the scintillation 
method, and (6) the electrical method. 
See “Radioactivity,” § (11) (iv.). 

Tracks of, made visible by the expansion 
method due to C. T. R. Wilson. See ibid. 
§ (11) (iii.). 

tt-Rays, action of, on Photographic Films. See 
“ Radioactivity,” § (15). 

Range of. See ibid. § (11) (i.). 

Stoiiping Power of Metal Foils for. See ibid, 

§ (11) (fi.)- 


B 


.Babinet’s Compensator: an instrument for 
determining the constants of an elliptically 
polarised beam. See “ Polarised Light and 
its Applications,” § (15) (iii.). 

Ballistio Deflection op Gyro Compass. 
See “ Navigation and Navigational Instru- 
ments,” § (15). 

Ballistio Tilt op Gyro Compass. See 
“ Navigation and Navigational Instru- 
ments,” § (15). 

Balmer Series *. a series of lines in the 
spootruin of hydrogen, the frequencies of 
which wore noticed by Balmer in 1882 to 
'follow the law v=N(l/22 - l/?i^), where N is 
a constant and n has integral values greater 
than 2. This can be deduced as a conse- 
quence of the quantum theory. See 
“ Quantum Theory,” § (7). 

BaIjMEr’s Formula : the first successful 
r(q)rcHOntation of a scries of lines in a 
spectrum,' which represents, to a high 
degree of accuracy, the chief series of lines 
in the spectrum of hydrogen, by the formula 

X = 3646-14-^, 

?n^-4 

where m takes a series of integral values 3, 4, 
5, etc. See “ Spectroscopy, Modern,” § (10) 

(i.)- 

Bar, Free-pree : calculation of frequencies 
of vibration of. See “Sound,” § (62) 
(viii.). 

Barium, Use op, in Glass Manupaoturb. See 
“ Glass,” § (7). 

Barb and Stroud Hbiqhtpindeb, anti- 
aircraft. See “ Rangefinder, Short-base,” 
§( 8 ). 

Barr and Stroud Rangbpinder. See 
“ Rangefinder, Short-base,” § (6). 

Barr and Stroud’s Method op adjusting 
Rangbpindebs. See “ Rangefinder, Short- 
base,” § (14). 

Bars and Tubes, Lateral Vibrations of, 
used in orchestras under the name of 
glockenspiel. See “ Sound,” § (48). 


Base Measurement in the Nineteenth 
Century. See “ Surveying and Surveying 
Instruments,” § (40). 

Base Measurements, Modern, by the Ameri- 
can “ Duplex ” bar apparatus. See “ Sur- 
veying and Surveyiug Instruments,” § (41) 
(i.). 

Base-line Measurement, General. See 
“ Surveying and Surveying Instruments,” 
§ (38). 

Bassoon : a wind instrument played with a 
small double-cone reed and having a conical 
tube. See “ Sound,” § (35). 

Bates and Jackson, investigation of rotation 
by sugar of plane of polarisation of light. 
See “ Saccharimetry,” § (5). 

Bates’s Saccharimeteb : an instrument in 
which the adjustment of the analyser is 
automatically made as the half shadow 
angle is varied by rotating the whole 
Lippich prism of the polariser. See 
“ Saccharimetry,” § (3). 

Correction required for loss of light by 
absorption and reflection at' the half 
Lippich, calculated by Wright and 
tabulated. See ibid. § (3). 

Beohstein Photometer: a form of flicker 
photometer. See “ Photometry and Illu- 
mination,” § (97). 

Bell, Vibrations op a. See “Sound,” 
§ (50). 

Bellingham and Stanley’s Polarimeter. 
See “ Polarimetry,” § (12) (ii.), § (13) 
(ii.). 

Bench, Optical : an apparatus for examining 
the chief characteristics of a simple spherical 
lens. See “ Lenses, The Testing of Simple.” 

Bench, Photometer. See “ Photometry and 
Illumination,” § (19). 

Bench Marks op the Ordnance Survey. 
See “ Surveying and Surveying Instru- 
ments,” § (34). 

Biaxial Crystal : a crystal having two 
optic axes. See “ Polarised Light and its 
Applications,” §§ (6), (6), and (18). 
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BIPRISM, PRESNEL’S— CAMERA, AERIAL 


Biprism, Prbsnbl’s : an experimental ar- 
rangement for the production of interference 
fringes, using refraction through a hiprism 
to form two adjacent virtual images of a 
source of light. See “ Light) Interference 
of.” § (4) (iv.). 

Biqxtartz : the name given to a device for 
measuring the rotation of the plane of 
polarisation of light by a substance ; the 
device consists of two semicircular discs of 
quartz, 3 '75 mm. thick, between parallel 
nicols, one half being right-handed quartz 
and the other left-handed quartz. See 
“ Polarimetry,” § (2). 

Black Bodies and Radiation. See “ Radia- 
tion Theory,” § (4). 

Bloch’s Method of oalodlating Average 
iLLtTMiNATioN. See “ Photometry and Illu- 
mination,” § (70). 

Blondel’s Photometer: a photometer for 
the determination of average candle-power. 
See “ Photometry and Illumination,” § (43). 

“ Boiling ” Tube : an X-ray “ gas ” tube 
in which the anticathode is kept at a 
constant temperature by boiling water. 
See “ Radiology,” § (12), 

Bolometer : an instrument for investigation 
of the infra-red spectrum ; the temperature 
of a very fine strip of metal is measured in 
terms of the change of its electrical resist- 
ance, the strip being heated by radiation. 
See “ Wave-lengths, The Measurement of,” 

§(7). 

Bombardon, BBb Monster : a brass wind 
instrument with valves. See “ Sound,” 
§ (44). 

Eb : a brass wind instrument with valves. 
See ibid. § (44). 

Boric Acid, renders glass resistant to water 
attack. See “ Glass, Chemical Decomposi- 
tion of,” §§ (1) and (2). 

Boric Oxide, Use op, in Glass Manufacture. 
See “ Glass,” § (11). 

Bosanquet’s Cycle of Fifty-three : a 
particular musical temperament which gives 
as near an approach to just intonation as 


Calibration of Range-scales of Range- 
finders. See “ Rangefinder, Short-base,” 

§ ( 15 ). 

Camera, Aerial. See “ Photographic Ap- 
paratus,” § (12). 

Copying : a type of camera used for the 
photography of flat surfaces. See ibid. 

§(3). 

Field or Portable. See ibid. § (2) (i.). 

Hand : a general term for cameras devised 
especially for exposures of brief duration. 
See ibid. § (11). 


could be demanded from any instrument 
with fixed keys. See “ Sound,” § (6) (i.). 

Bougie Dj&cimale : a French standard of 
light. See “ Photometry and Illumina- 
tion,” § (14). 

Brace Spectrophotometer, See “ Spectro- 
photometry,” § (12). 

Brace’s Polarimeter. See “Polarimetry,” 

§ (11) (iii.). 

Brashear’s or Sugar Method of SiLVERiNa 
Mirrors ; details of solutions and process. 
See “Silvered Mirrors and Silvering,” 

§ (2) (ii.). 

Brass Band, Valved Instruments of. See 
“ Sound,” § (44). 

Brewster’s Law. If light he incident upon 
the surface of a transparent body in such a 
direction that the tangent of the angle of 
incidence is equal to the refractive index of 
the body, then the reflected ray is plane 
polarised. The angle of incidence is in this 
case called the polarising angle. See 
“ Polarised Light and its Applications,” 
§ (2). 

Brightness ; used to denote the total visual 
effect of a Ught independently of its 
colour or purity. See “ Eye,” § (8), 
Measured by the amount of light emithed 
by a surface per unit of projected area. 
See “Photometry and Illumination,” 
§( 2 ). 

Brownian Movement, use of ultramicroscope 
in study of. See “ Ultramicroscope and its 
AppUcation,” § (2). 

Bubbles as used in Spirit Levels. See 
“ Spirit Levels,” §§ (2), (3). 

Bunsen (Grease-spot) Photometer: one 
of the early forms of photometer head still 
in current use. See “ Photometry and 
Illumination,” § (15). 

/3-Rays, General Properties of. See “ Radio- 
activity,” § (13) (i.). 

Magnetic spectrum of. See ibid. § (13) (ii.). 
Scattering of, by matter. See ibid. § (13) 
(iv.). 


Panoram : a type of camera used to photo 
graph a large angular “ stretch ” o 
country. See ibid. § (7). 

Photographic : in essential, a chamber f o 
the purpose of exposing sensitive plate 
to the action of lumiuous images formc' 
by optical means. The three mai 
classes of cameras are (1) Stand Camoraf 
(2) Hand ' Cameras, (3) Aerial Cameraf 
and these again are classified into snl 
groups. See ibid. § (2). 

Studio. See ibid. § (2) (ii.). 
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CAMERA LENSES, THE TESTING OF 


vernier is fixed to a small carriage Cg which 
slides in the groove Gr, the vernier zero being 
in the plane of the left-hand surface of the 
plate P. 

The optical data of a camera lens are deter- 
mined as follows. 

§ (1) Focal Length. — ^A piece of ground 
glass is held with its ground surface against 
the left-hand surface of the plate P and the 
observing microscope M is focussed on the 
ground surface. The framework Pg, carrying 
the microscope, is then moved along the slide 
Sg by turning the head Hg until the image of 
a distant object ^ is brought into the focal 
plane of the microscope. ^ The lens holder, 
together with the framework Fg, is next 
moved along the slide by turning the head 
until there is no lateral displacement of 
the image when the system is rotated through 
a small angle about the vertical axis. When 
this is the case, the vertical axis passes through 
a point, called the nul point, which divides 
the distance between the nodal points into 
parts whose ratio is equal to the lateral 
magnification. If the incident light is parallel, 
the nul point coincides with the second nodal 
point ; the focal length is then given by the 
distance between the vertical axis and the 
focal plane, its value being read off on the 
scale Scg. When one is dealing with an object 
at a finite distance, the nul point is the point 
at which a line joining non-axial conjugate 
points in the object and image planes cuts 
the axis of the lens. In such a case it is 
advisable to make a separate determination 
of the position of the second nodal point by 
using parallel incident light. The back focal 
length is given by the distance between the 
last surface of the lens and the plate P. 

§ (2) Sphebioal Abebbation. — This is 
measured by placing a series of concentric 
stops in front of the aperture of the lens and 
measuring the movement of the microscope 
which is , necessary to bring the image into 
focus for different zones of the lens. It is 
advisable to insert a colour filter between the 
microscope eyepiece and the bbserver’s eye 
in order to eliminate the effects of chromatic 
aberration. 

§ (3) Chbomatic Abebbation. — A series of 
colour filters, giving monochromatic regions 
more or less evenly spaced throughout the 
spectrum, is placed in turn behind the eye- 
piece of the microscope and the movements 
of the microscope necessary for bringing the 
different coloured images into focus are 

^ Either a set of suitable cross-lines at the focus 
of a well-corrected collimator objective mounted on 
the axis of the system, or a aeries of horizontal and 
vortical linos (black on white background and white 
on black background) at some considerable distance 
from the apparatus, may be used. 

“ On roiating the system about the vertical axis 
tlie left-hand .surface of P moves in a plane which is 
equivalent to the plate of the camera. 


measured. It is sometimes advisable to stoj^ 
out certain zones of the lens in order to elimiu-' 
ate the effects of spherical aberration. 

§ (4) Coma. — ^A collimator, with an illiimin ' 
ated pinhole at its focus, is mounted on th«* 
axis of the system and the image of the pinhol** 
is examined at different angles of rotatioi* 
about the vertical axis. The dimensions 
the comatic figure may be measured by moaiv®^ 
of a scale in the focal plane of the microsccqH* 
eyepiece. 

§ {5) Flake Spot. — ^The same arrangement i»* 
used as in the previous case, and the positiort** 
of flare-spot images are noted ; such imagt*** 
do not give trouble unless they are in tl»*’*‘ 
neighbourhood of the focal plane of the Ions. 

§ (6) Astigmatism and Cuevatuee 
Field. — The system is rotated about th*” 
vertical axis, on which the second nodal poii 1 1 
lies, through angles of 5°, 10°, etc., up to 
maximum semi-angle that the lens is dcsigm** 1 
to cover, and at each angle (on either sitl** 
of the axis) the positions of the microseoiwe* 
are determined for best focus of horizontnt'J 
and vertical lines. The differences betw(H»s* 
these positions and the normal position t»8 
focus, that is, the focus for the centre of tli*** 
field, give the distances of the positions t»i 
astigmatic foci from the plate (measured aloUl^ 
the rays) at different parts of the field. T’li** 
mean values of the distances of the foci ft**" 
horizontal and vertical lines give a measiit"*'* 
of the curvature of the field. 

§ (7) Distortion. — ^The system is rotat«*«t 
as in the previous case, and the horizon 1**1 
displacement of the image of a vertical lii**"® 
is measured for each angle hy means of s* 
horizontal graduated scale in the focal plan*'' 
of the microscope eyepiece, the microS(!(»|»«’» 
being kept in the normal position. Tl*«» 
horizontal displacement divided hy the 
nification of the microscope then gives tin*'* 
distortion in the plane of the plate. 

§ (8) Eefective Apebteres oe Stops.— TJ***- 
microscope is removed and a small pin)u»l«r»» 
mounted in the plane of the plate P, is ilium it» ■ 
ated from behind. A piece of ground 
is held against the front of the lens mount ai»<st 
the diameters of the illuminated areas, e(irr«'« 
spending to the different stops, are measuiTnt 

§ (9) IlLEMINATION at the (ioBNEES OTi’ Tit *;■ 
Plate. — ^The same arrangement is adopted 
in the previous test, and the boundary of ti 
illuminated portion is traced on the grou*»*t 
glass when the system is rotated through »t*. 
angle corresponding to the semi-diaraet(ir **t 
the plate to be covered by the lens. 
area of this portion divided hy the area of tl*.*,. 
unobscured aperture and multiplied by Itw* 
and by the fourth power® of the cosine of tli,*./, 

“ If the viRnette is measured in a plane nominl 
the axis of the bench, the cube of tlie cosine 1* 
be used. ^ 
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CAUSTIC ALKALIS, ACTION ON GLASS— COLOURED GLASS 


electric discharge is passed in an evacuated 
tube. See “ Radiology,” § (4). 

Applied to the deposition of silver by electric 
means. See “ Silvered Mirrors and Silver- 
ing,” § (3) (hi.). 

The Speed of. See “ Radiology,” § (18). 

Caustio Alkalis, Action ok Glass. See 
“ Glass, Chemical Decomposition of,” § (2) 
(iii.). 

Cekterikg Error : a term used in the 
testing of simple lenses to denote any want 
of coincidence of the optical centre with 
the geometrical centre of the lens. See 
“ Lenses, The Testing of Simple.” 

Centre of Curvature, location of, by 
direct methods. See “ Spherometry,” § (9). 

Changing Boxes : magazines for holding a 
number of photographic plates, used with 
small hand or aerial cameras. See “ Photo- 
graphic Apparatus,” § (5) (ii.). 

Charge on Colloidal Particles. See 
“ Ultramicroscope and its Applications,” 
§( 2 ). 

Chemical Glassware : testing under high 
pressure. See “ Glass, Chemical Decom- 
position of,” § (3) (ii.). 

Chibrbt, designer of a chromo-optometer, 
depending on the double refraction of light 
by quartz. See “ Ophthalmic Optical Ap- 
paratus,” § (7). 

Chromatic Aberration : a defect in the 
optical image formed by a lens or system 
of lenses in consequence of the variation 
of refractive index with the wave-length 
of light. See “ Optical Calculations,” 
§ 9 ; “ Telescope,” § (9). 

Correction of, in Microscopic Objectives. See 
“ Microscope, Optics of the,” §§ (13)-(16). 
Investigated by the Vogel method, provided 
the aperture is not so small that a large 
shift of the eyepiece is necessary to detect 
a difference of focus. See “ Optical Parts, 
The Working of,” § (3) (iii.). 

Measurement of. See “ Camera Lenses, 
Testing of,” § (3). 

Of Eye. See “ Eye,” § (26). 

Theory of. See “ Optical Calculations,” 
§ (2), etc. 

Chromatic Parallax : a parallax effect due 
to the chromatic aberration of the eye. 
See “ Eye,” § (27). 

Chromatic Variaticn oe Magnieioation in 
Microscopes. See “ Microscope, Optics of 
the,” § (18). 

Ohbomatios, the science of colour. See 
“ Spectrophotometry,” § (2). 

Chromo-optometer : a device for the ex- 
.amination for colour vision and the detection 
of colour-blindness. See “ Ophthalmic Op- 
tical Apparatus,” § (7). 


Cinematograph Projector. Sec “ Projec- 
tion Apparatus,” § (15). 

Circular Polarisation. See “ Polarised 
Light and its Applications.” 

Production and detection. See ibid. § (14). 
Fresnel’s explanation. See ibid. § (22). 

Clark, Alvan, details of lenses designedly. 
See “ Telescope,” § (5). 

Cloudy Glass, caused by presence of chlorides 
or sulphates in the alkali. See “ Glass, 
Chemical Decomposition of,” § (1). 

CoEEEiciENTS OP DEVIATION, in magnetic 
compass. See “ Navigation and Naviga- 
tional Instruments,” § (10) (iii.). 

CoELOSTAT : a clockwork device for directing 
the rays from the sun into a fixed telescope 
or other optical system. See “ Telescope,” 
§ (16). 

Coincidence, sensitivity of eye to. See 
“ Eye,” § (29). 

Coincidence Rangefinders. See “ Range- 
finder, Short-base,” § (6). 

Collimator : a telescope lens with a slit or 
other suitable object at its focus. Rays 
from each point of the object are rendered 
parallel after passing through the lens and 
the object is virtually at infinity. See 
“ Spectroscopes and Refractometers,” § (6). 

Colloid Chemistry, Use of Ultramioro.scope 
IN. See “ Ultramicroscope and its Ajiplica- 
tions,” § (1). 

Colorimetry: the specification and descrip- 
tion of colours by means of their hue and 
saturation, or otherwise. See “ Spectro- 
photometry,” §§ (2), (3), and (4). 

Colour, Control of, in Glass Manufacture. 
See “ Glass,” § (16) (iv.). 

Colour (of light) : one factor in the sensation 
produced on the optic nerve by light. See 
“ Spectrophotometry,” §§ (2) and (3). 

Colour Box (Maxwell’s) : an apparatus for 
determining the data required to siiecify 
colours in terms of three primary colours. 
See “ Eye,” § (10). 

Colour Geometry. Many colour problems 
can he simplified by representing colours 
by 'the positions of points in a geometrical 
figure of 1, 2, or 3 dimensions. This enables 
their quantitative relations to be solved by 
graphical or geometrical methods. See 
“ Eye,” § (12). 

Colour Pyramid. See “ Colour Geometry.” 

Colour Standardisation, Technological 
Applications of. See “ Spectrophoto- 
metry,” § (5). 

Colour Triangle. See “ Colour Geometry.” 

Colour Vision. See “ Eye,” § (6) et seq. 

Coloured Glass, Manufacture of. See 
“ Glass,” § (34). 
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FiQ. 1. — ^Thc Ueflectlng Goniometer in Use. 


and by a weird nomenclature. It will be the 
task of this brief summarised account of the 
subject to dispel this illusion, and to show how 
fascinating and intrinsically valuable it really 
is to the physicist. 

Crystallography is essentially practical when 
its study is undertaken in a sensible manner. 
A few hours with a good crystal on a reflect- 
ing goniometer will hiing out the chief pro- 
perties of crystals and the laws of Crystallo- 


central part for accurate adjustment to the 
vertical cross spider-line, and broader ends 
which are brilliantly illuminated. It is sur- 
prising how brilliant such slit images are as 
seen in the telescope, when reflected from 
even the minutest faces, almost points, if the 
crystals are normally well developed. 

§ (2) Nattjre of Crystals. — The first facts 
obviously and unmistakably impressed by 
such a practical investigation of a series of 
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Well - developed ciystals, of the same and of 
different substances, on the goniometer, are 
the following : 

(а) Crystals are naturally formed solid 
polyhedra bounded by plane faces meeting 
in straight edges. 

(б) These faces on the best crystals are true 
planes, Iiighly polished and affording brilliant 
and sharp reflections of the goniometer signal- 
slit. 

(c) The faces are inclined to each, other at 
angles which usually display among themselves 
more or less symmetry, and are constant in 
value for the same substance ; these parti- 
cular values are thus characteristic of the 
substance, the only exception being when the 
symmetry is at its maximum, in the cubic 
system, when this perfect symmetry itself 
fixes the angles. 

{cl) The faces are arranged in zones, each 
zone being composed of faces parallel to a 
common axis, to which all their edges of 
intersection are also parallel. When this axis 
is set parallel to the axis of the goniometer, all 
the faces of the zone are automatically ad- 
justed, so as to reflect the signal-image from 
every face in turn to the cross-wires of the 
telescope when the goniometer axis and crystal 
are rotated. 

(e) When the signal-image from each suc- 
cessive face is adjusted to the cross-wires and 
the circle reading taken, the differences between 
the readings are the angles between the face- 
normals, and these are most conveniently 
considered as the interfacial angles ; they 
are arranged in accordance with the symmetry 
developed. 

§ (3) Miller’s Method oe distingtttshing 
Crystal Paces. — A method of defining the 
relative positions of crystal faces by means of 
a compact symbol now universally adopted 
is due to W. H. Miller, Professor of Mineralogy 
at Cambridge from 1832 to 1881. 

The faces of a crystal are a series of planes, 
and any three of these, no two of which are 
parallel, may be taken as planes of reference 
to which the position of the other faces may 
be referred. 

(i.) Axes of Reference. — Consider then three 
planes passing through a point 0 which we 
take as origin and drawn parallel to any 
three faces of the crystal ; these planes 
intersect in three straight lines OX, OY, OZ 
(Riff. 2); these lines we take as axes of 
reference. 

The planes may bo parallel to any three faces,- but 
it will usually bo possible to find three which, from 
the regularity of the crystal with regard to them, 
are clearly of importance in its construction, and 
in a number of cases two or more planes can be 
found piutually at right angles. 

Any fourth plane will cut the axes in points 
A, B, C, and its position can be defined by the 


lengths of the intercepts OA, OB, and OC — 
or rather, since we. are not concerned with 


the actual location of the face, which depends 
on the size and not merely the form of the 
crystal — by the ratios OA : OB : OC of the 
three intercepts, which thus fix a series of 
parallel planes. It is now a universal (inter- 


national) convention 
for the description 
of crystals that the 
axis OY (and its 
intercept OB) shall 
run from left to 
right, and the OX 


axis (OA intercept) 
from front to back. 

(ii.) The Para- 
meters. — Select then 


Pig. 2. any such plane and 

let the lengths of the 
intercepts be a, b, c respectively. We define 
this as a parametral plane, and the values of a, 
b, c measured in any convenient unit as the 
parameters. It will usually be found that 
there is a plane, developed as a prominent 
face, for which some simple relations exist 
between a, b, and c, e.g. all three parameters 
are equal, or two of them are equal and 
differ from the third ; it is convenient but 


not essential to select such a plane as the 
parametral plane. , 

(iii.) The Indices. — A plane parallel to any 
other face of the crystal will cut the axes in 
three points. A', B', C' say. 

Then it is found by observation that the 
intercepts OA', OB', OC' are proportional 
respectively to ajh, b/k, c/l, where h, h, I are 
in all cases small whole numbers— including 
zero — in few cases so great as 6. These 
numbers are called the indices of the jilane. 


and if we know in any case the position of the 
axes and the values of the parameters the 
position of any other plane is defined by 
its indices and is denoted by the symbol 


(hkl). 

This implies that if the known parameters 
be a, b, c, and we cut off on the axes lengths 
proportional to ajh, bjlc, and cjl, the face in 
question will be parallel to the plane so 
defined. 


The relative positions of the axes are fixed 
by the angles between them. .If we put 
YOZ = a, ZOX=/3, X0Y=7, we see that the 
position of any face is determined by the 
values of the three parameters a, b, c, the 
three angles a, |3, y, and the three indices 
h, k, I ; moreover, in all cases h, k, I are small 
integers including possibly zero. 
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§(4) C'UVUTAr. CuK.STKtHTtUKAI. 

Axrh. -■ ' Tlt(‘» as,r< jttt» K|Htkt>tt «if as tht» 
iKHWtnu’titifml axw «jf tin* rryatal, and thn 
vttrittUM wysU'itw «»f fryatida am gfmi|«*«l 
ttamittUfig tu thn valura nf fht’ (Himmt'tnrs 
a, b, c, a5C{»n»*»Hl ntt « ; 1 : <*, ntid flm 
anglat a, fi, y, lK*ttv't*»'n thn o*»natnu’ti<innl 
axes. 'ritt>*e (juftnfilU'M an* known «h tin* 
eryatal eleineuta, 

I (3) t’KV.HTAt, HvsTKMa, alt* seven 
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of elawsii i‘liawnli'ri«'4| hy a t'otiiiiton wt of 
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If the rotation lie through IHO" MiY'I'I 
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In a eryatrtl {«*«*iwinE the t*t*-d»erly that if 
the eryatal im rotsik’il alwml thin line through 
wmw* definiti' angle earh fai'e m hrought into 
ft {MwitioM either roinrulent with or parallel 
to that oerupiwi by wane other faee l«>fore 
the rotation took plAW, The eryatai is mid 
pi In* WYnitiiefneal the luie, and the line 

m an ani* of symmetry If the ery«tal were 
rnountetl on » gomometer with the of 
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goniotueler it Would led Im |[»««mthte to infer 
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All and t'J) are jmrallel nml IW ftiul AB wpmlly 
: iiwllHMl to AH. tht rolftting Uih through !BU' 
itilwrtit an Hsia through 0, the mid point of the 
hiBTOtor of the two imrnllel niden, {wqietidioulw to 
, tlie jmj»rr. we gel A'H'C'I)', which luut not all itis 
■: hire* pawllel lo ttto»e of the origitud erj'utnl, hut by 
H’D' ft’flwtwl in ii |ikne through the 
middle {toinl t4 AB jierjiendieMlnr lo the |«f»er. 
, ami A'B* wmilariy retleeU'd in a plane through 
' the lold |Hiint of IW, we recover the original 
■ eryittal. 

I (7) T»b Hkvkn Kvotkmh or C'ttvsTAtx 
fh’foro diwnw«ing the typew of symmetry 
whieh ehanuderist* the vnrioiis nystenw of 
’ rryfttftls tmrlt of whielt lifw its own ty|K* of 
eryntitl elernenlu deflmHl by the parametera 
' f#, b, r, nml the angles a, /i, y, of the con- 
I strurtiomd axes, it will fm useful to give in 
1 n mhedule the rdutions between thew* tpmn' 
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titles for each of the seven systems, which are 
named as sho^vn in Table I. 

Table I 

Systems of Crystals 


Name. 

Parameters. 

Interaxial Angles. 

i. Triclinic . 
ii. Monoolinio 

iii. Eihombic . 

iv. Tetragonal 

V. Hexagonal 

vi. Trigonal . 

vii. Cubic 

a c 

a^h -\- c 
0^-6 'X' c 
a=b-^c 
a = b^-c 
a=b = c 
a = b = c 

a =7 = 90° /3J:90° 

a = j3 = 7 = 90° 
a = ^ = 7 = 90° 
a = |3 = 90° 7=60° and 120' 
a = /3 = 7 A 90° 
a = /3 = 7=90° 


§ ( 8 ) Classes of Symmetry. — Each of 
these seven systems includes crystals of various 
classes of symmetry, in all thirty-two in 
number, which are built up from the elements 
of symmetry — the plane of symmetry and the 
axis of symmetry — already described. 

(i.) The Triclinic System, which is the least 
symmetric, comprises two classes. The three 
axes are unequal and unequally inclined. 
Class 1 has no symmetry whatsoever, every 
faoe being a “ form ” unto itself, that is, 
it has no fellow or fellows of like relation 
to the constructive axes about which the 
crystal can be imagined to be erected. Class 
2, however, is symmetrical about the centre ; 

thus the crystal is 
composed of iDarallel 
faces, each pair of 
which is a form in 
the sense just alluded 
to. One of the best- 
known triclinic sub- 
stances is copper sul- 
phate, CUSO4 . 5H2O, 
a crystal of which is 
shown in Fig. 6. 

(ii.) The Monoclinic 
or Monosymmetric 
System comprises 
three classes. The 
three axes are un- 
equal, two being 
inclined to each other 
at an angle other 
than 90°, while the 
third, always chosen as the b axis, is normal to 
their plane. Two real elements of symmetry 
are now possible, a plane of symmetry, that 
containing the inclined axes, and a digonal 
axis of symmetry perpendicular thereto and 
identical with the normal construction axis. 
Class 6 possesses both these elements of 
symmetry, while Class 3 is endowed with 
the plane of S3mmetry only, and Class 4 
with the digonal axis only. An excellent 
example of full monoclinic Class 5 symmetry 
is potassium nickel sulphate, K2Ni(S04)2. 6H2O, 
a typical crystal of which is shown in Fig. 6. 



Pig. 6. — A Crystal of 
Copper-sulplmto. 


(iii.) The Rhombic or Orthorhombic System 
includes three classes. The three axes are 
unequal but are arranged at 
angles of 90° to each other. One 
class. No. 8, possesses all the 
six elements of symmetry which 
now become possible, namely, 
three planes of symmetry, 
which are also the three con- 
structional axial planes, and 
three digonal axes of symmetry, 
identical with the three rectan- 
gular axes and the intersec- 
tions of the planes. Potassium 
sulphate, K2SO4, is a common 
substance crystallising in this Class 8, and 
a characteristic crystal is represented in 
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Fig. C. — Crystal of Potassium Nickel Sulphate. 

Fig. 7. Class 6 possesses the three axes of 
symmetry only, and Class 7 possesses two of 
the planes and one axis of symmetry, the 
axis in which the planes intersect. 

(iv.) The Tetragonal System goes a step 
further in degree of symmetry. Two of the 
axes are of equal 
length, the third 
being unequal ; 
the angles are 
all equal to 90°. 

In describing or 
setting up the 
crystal the un- 
equal axis is 
made vertical. 

No less than 
seven classes are 
now possible, all 
of which possess 
the systematic 
characteristic, a 
tetragonal axis 

of symmetry which is identical with the 
vertical constructional axis. Class 9 pos- 
sesses this symmetry element alone, but 
Class 15, the highest of the system, is also 
endowed with four symmetry planes inter- 
secting each other at 45° in the tetragonal 
vertical axis, an equatorial symmetry plane 
perpendicular to the vertical axis, and four 
digonal axes of symmetry lying in that 
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Fig. 7. — A Crystal of Potassium 
Sulphate. 
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C'HYSTALLOaUAPHY 



c([uatorial ftliuu*. Xircnn, HtlU^aU* of xin-uuiuju, 
ZrKiO^, (Tyataliiw'M with tl«* ayuiiuftry nf 
tliiH dasw, ami a tyiiifiil -/.imm in jHirtniyctl 
in Fig. H. H«'lw<H*n thiH *” latltihrtlrnl " flana 
(tif Pill aynitm'try) «mi live <itht«r 

I'lartSt'H 

variouM I'nuiliiiui’ 
tii>ni4i»f mttnntif tlic'Ho 
Hyimuflry 
but ahvAya infimiinit 
thu t«’tmK»'tml 
tbit t*n«t'ntuil »y(n 
mut ry nf Hit' 

ti'lmgoriHl »y«tt*m. 

(v.) Thu flejitt- 
gnnal Syntem i« 
sitiiiliir in many 
way« tu thi' U'tm- 
Utinat, hut thu ucjual 

itsi'H im* iuHitU'il to 

e'm'li nllmr at (?(1 
iilrttt'Ail Ilf iH> ; it 
i« (‘tiiuaiti’rirtfil by 
a ttt*!titj<iiiiHl viTtical 
tt^i« Ilf Mymiui'try. 
'riii'm art' livi* fbiKMt'st 
in tint nyatum, tht' 
I'liiwj mi, i»n!y' tlii’ I'wmiitijit 

MVimnutry ; hut t!ii' imist 
aymnmlrifal, tlu’ li*<li»liiHlritl U7, )utM Hi\ 

Hlanw tif HViiuiiriry inti’m'i tinit nni'li ufht'i' at 
au' in tlu* lit'siijitMiiiil Hsist, ami nii fiiuiituml 
plftfin (if aymnirlry wiifi titgiinai uf 
»ynum'iry iyi^^K •** ** 3*> ‘ fnitn uiwh utlmr, a 

tiital uf fmiHttun nlu 

nuniti^ Ilf aytiitiiHry. 
Ib'ryt, 

tlm Imnutifui gum • 
8 t»ilHt klMIlVn Rft 
wliun 

jKilu gm*n in fubnir 
will riui’rolil wilt'll 
ilrtrk grtfu. i« an 
ustfi'lb'tit uitaitijilu (if 
Plw* 'J7, will II 
tyjiiwl lK*ryl uryatal 
in aji«»w'ti in Fig. ih 
fvi,) ‘nm Trit^mul 
Sgnitm bai« lliw 
t*«|ii*il will wjimlly in 
I’lim’*! Aws. giummlly 
at ulht*r thwi iMi , 
'rim nxtfi, imiwd, 

ttrp till" wtgua t«f II, 
rln(rnl«»fi«!r*in. ^im b rr«*fiibl«*n « t ulin mini' 
jirntiml t»i' nSufig lUiu thttguinil, ami 

this (liagiittiil w tim iprtti'rtl »%»» i>f trigutiHl 
symiiit'lry «ml m*t « runsirm-timi aaisi; it h tin* 

it'll f'lrmrnl *<f stii'fumrtrv «>f fbi* Bynlt'iii, 
uhiufl illt'ltlifri# i-litww's, lil*’ fslllllilrat, < 

111, h<!riii|,f flirt Ji5i »|-^ «4»fy simfm'tf.v flfniufit . 
Thu flyimimf rjrjtj, ij»i, huluhi'ilrat t'limw 

HI sii«i4«ii>«n ihfru avniim-try 
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jtlaiU'H iult'rat'i'ting at (R)" iu tlio trigonal uxih, 
an (’tiualorial aymnu'try plaiu', ami tlirt'o 
(liKcnal axua lying llu'ri'in at (R)”. No wall- 
kiuiwn HuliHtanci' ('xhiliitH thia full trigonal 
aymmi'try, ullluiugh two rarur HulmtaiU'CH, in- 
I'lmling till' gt'm- 
HltllU' llt'uiloitl', 

UaTiSi.,( ht'long 
to tlu' cIhhh. Hut 
two vt’i'y im- 
porfant niiimnilH, 
t'alt'itt', { 'a( '( > 3 , 
ami (luart^,, HiOg, 
la'long to CUaM8t*H 
21 ami 18 itwptmt" 
ivt'ly, anti figurea 
of lypittal Hfinci" 
mt'tw tif ualt'itt' 
anti (piart'/, orya- 
tala art' hIuivvu in 
Figti. 1(1, II. ami 
12. Fig, 1(» alaii 
«hmvM till' tlirci' 
t'oUM tructional 
rhom lioh t'llral 
axt*}4, ami tlm vorliaal trigonal axbi. Tliia 
Claan 21 only tliffi'ra from tlm Iioloht'tlral 
(*ln»M 22 by Imving lui oquatorinl filam* of 
ayimni'try, 'I’lit' aotual rryntal nhovvn in 
Fig, It) in a t’ombiuation of tht' rhoinbti- 
hi'ilron, with otlgt'H parallfl to Hit' fouHtruu. 
tional ast'M, ami tlii' liuxagoual priam ]»t,rallf'l 
to tht' vortical axia. 

Thu Quart*/; ('Ihhh 
IH lia« all Uh* four 
axt*« ttf BytnuH'try 
(timw horbamtal 
ami tmu vertical) 
of tht' ayatem, but 
no symmetry 
lilancH. Now it is 
»ui inHweatiiig am I 
highly imjiortunt 
fact that all the 
elaaaew of syjii” 
metry, ami there 
are eleven of lliem, 
which po««'j« no 
jilane of Kymnu'try 
are tlhititiguwlieil 
hy tlie pniperly of 
right* ami left- 
hamhalnefw, or, aa 
it in tcnnetl, ** enantiomtirphiatn." Two 
varieties of rry«tal«, one the mirror image 
Ilf the other, right- witl left - liamletl like 
a pair of glovt'ji, art' not only powihle 
hut an* often fournl tlevelopetl, ami two 
tstnli cryatah tif tjiuirtv. an* portmyed in 
/'sV«. II (Icft lmmietl) ami 12 (right liamleil). 
.Moreover, |o erthnnee (he iiitcreHt, it iw jiwt 
this remarkable property wliieli in pow+twil 
by flit* ery«tal« of all tsulwtrineeH W’hieli rotate 



Fttf. It, A Irf'ff'liiuuleii 
{’rystal of Quarts;. 
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th*' *4 *<! jd.-tur 

lutht, eiml U !» « tit 

»ni! uf r.M’h llu’ 

|wij|«'?i(Ii»')i!sal_v f'> 
th«’ VrllH'jil it 

wt>nlil r*4it.s«' ll»«* 

t.i fh«' l«-f{ lu I'lisj' 
»4 H sijjti (>» 

Ih*' tl»»’ 

.4 #-».f v: 

n J| t Tlir t 'isAjs- 
.S‘s|.lf«'«s (4 

!S% litlisriri. |-i l>|‘l 
i|»t I l<% S}««’ 1 jjl'r* 

tis*’ Ilirrti 
sursi 

lh«’ r t8 !•«’ r>* Igr*. 

rs|«i»l if» «n4 

alt «l riifJsl 

a,»i|j|r» 'i'liPt*’ «*■«< 
U%r- «-'<«»« 

nr w4 U» tlsp- f)\ a|*’S8», 

IIm’ «V Imiit't i jf sails !i lltfr-r 

•l6s?*'S»!s! a Srsjtf n% SMinrt J f r I.isir 
»|lll lllr f.»lss!t(|« anna. .»!s4 

-.str.'t «-s|n!illv iHfjnsF»t |,« ||»rs 
|li»t tl«»’ «H«*t BiMHMrltic, l!sr> 

'11*^ j«4-s*r.Mr* fi>. |r.» tlmjs Ifif'tin l«»» r|rMiPI»l» 
«»f e% jss«iP!ris, iwiMr-ly. Ilir: tlifw n»r-»4 

|S*.Wr-:4 ,«.» sl»|?3«fs«! atr.l }•«! ,«!»•> #»”» 

«<»»rSj ■fiMil l|*p f*«Mr aira 

Silso ltr-!rr»r'>| Is*, au>} Ml a4<l!!i>‘S» « 

a*!*'* IjjsJ l!jr- -fliHalra fj»- ! ss, it* j Sljr 

IList. '•! e 4 siasirj » ii 

jlls«' s |«rjj4»i ailiti* l» • I !»«’ trltrt 

%s3»'i 95 1 <»!l»r'r e%' sisitir.l i 4 |^|•.stsrl^ 

llsr l«i!«pr.}} liiP llsrw }»*»! 




Ti5=p «S4* ir-Sil ll»4¥ «*'ll 

It^iir-fJ tisio o'tjlisi « itjfPM itf 

fcr !i<«f»^ iiirif grufiseifia iaiSss iMisIrf - 

||j«i i! 3 }j»^iiis»»sn' •ins.sttwirv 

|SSri|4r:r»i willain ii ll»r. !.ir vr-i 

if-Jj- r.sWiWJols sJis' a?r. «.f Slsr r<-gj*|».es 

li'.Jj t« ll >sS<al* 4 » !«f 

ralrltMIs, lls*^;«r«|!nr«, lrfr-.»ilsi ».f g«-a*» 

m4 it""' l‘->r l^mr- 


I A 

I'hriiifuiiiit, ft % utisISi •!«■«* ut fhri 'U? <4 

Ilsa^liUlUU =iVintU(-Ss V, awi a Si.|it< -i! Ir*! 

t»V liu’ Htitr! Is sh..4'ui. in ft’i Jli. 
’ril*’ >'tiStU' alt’Sii la in Ihitl d! iff la* 





l lii I t, Tli«' * nt* 

alpl iKny stf«* p^s-rirulmjflv inmtrrMWa, |«*a.atl*!r |<s 
Itfi t|**n«|n|*n«| 8*11 tin** »’.»»jf^<8l9sSM4r; I** llisi 

aV 8 l«'ll» sir** iH«'ill»r*»| jsl :» lni*» 4 wlr!|- j*%r*| 

l»y Sliw »ymiiiri|rv ami j>»i, ariat*!*’ |t.« 



silsilslliail l«<riS>a, lli« »u HB 8 »I 

Hrptu Sir.« 8 rt| iu 

J i, I ssMsI i»i, urir. *»i*n tit»is|s*»'. its « s»ii 

|»r> stnly i<fni i-isiari, isi}?-, 



«|!-s«|ps-sshri*|rt<li iitti Ils-Tijr «#») .aS|»«jr 

milt ll*** J'r'|»fr*»;fsSra| i.*t 


1*. -Ti)» 

shown in HI imd Tiif tatmliticlmn 
in » form of l«ith ('•lima .11 «»{ (*!»« HH, thn 
f«rrnt*r tutnun |»rt«twmt wlirti tlm thrw 

mW j4au«'ii art* n«» lonnor |»liiiu*»t of »yitimt*lry 
run! tbtt ais are no Itmunr ojawativp. 


mBm. 


I (9) TiIR RkaL Kt.KMKKTO or Kvmmktrv, 
It JtftM hftm wwcHithil t<» rofor to 
j{tnitnt*trit'ttl clf'tails oonM'ming tiui 8t*vfm 
nysiwns of frystiil ftrohitwlurn, and tin* 12 
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fur I'V an.iiiusiiiis* thi»t thr h.»!f •<(• ihruf intifirU'*?! 
uf Uh' full umnlH-r *4 (-..nr 'ijM-iphuu **• 

tlH' hulMhr«iri>.l rl.-Ki'j urn- r>uj«|UfM-t|, i-r !>»Srnt. 
Fur utxfiliiuu, fhu /•iij*jir»-?sii|uu ».f 

ftU'VH uf ihu u.-t,i,!itn!r«iu tt.m ?sn 5 (|in»M '4 I'ur 
th«« (rtr.-ihrjiruii ; jsn«| <hr u!u(«uii.»Huts uf lutjf 
uf thi* frtt'i*=» uf th*' U'tfitkr* Uu^ishwlruu {*• ^'tvr 
fliu i;i<n!«'«'ist(»nlruU. rfrA«'?i 

vvuru thurrfufu jlruunutuilrul ■’ hnnihwlr.jl ” uj 
'* rt* "tj<- half ur ujt() 

tmu fuiiith uf ihu ftill juttuU'f uf Wiintr 

jtru.«>nL tUtt Ihu ttuffe uf \'irtur Vujs KauK, 

vi»n <lr»4}», Slury .\lrt’>k?’!vn»’, «u4 Vt>4,^ 
t'liMitUAtwl thin fr<44«< rtud vrry 
un*tr>»'nllti«' BUjsnumli'Ui, i»v ahuujUil that 
tlp’r*’ art’ rurl-im «trllut{*’ »’h'Miirnl.<» uf «ym 
luutry, rt>Uit»%«4y fpw hi tsi 

fjir-t h:»Vf iKcrlt sjK’riSin-^l Hi jtSt sifi«t 

tliiil uas'h rr%-9lrt! 8'ta» *4 ih** ;siJ la 

With il.?i uttH uivaristl'ltt rtw! ««*! 

I'tiiirat’ii’r *4 aytmnriry t'jriiuifHt.s, rtwl 

rtll »•! s«.(rr> rti'ltvp, ifir! rjry«l»| 1**-.|M|| ihr 

uiifs-umr >4 Ifp’ uiH^rsIluni «4 jill ffi»< ayimurlry 

,R|»t'utiiM| (W |,tu%-prtim|{ iHiil f»<nuj»t|| 

thu 

||1«>I Thi; ur |*itin« r.r'tn 

(•IS \VI»*’f8 «n |»r»M'r«'4 t*« ch'lK'l'Mim** 

th*’ Hpltr»’« *4 I hr ujhiijf |..rmB l»!j|4ra ih«« 
|trii»<«ry. «»t |Mr>*itsr.|» al, »ti»i tlwir imlitplHsil 
far*'-** utJ tlw’ *fr fr«»«i 

1,1, *'*1**4 tf| 4 t,rr,!i jM,si f(Fi*rltuH4| *tr i|pt4t««l 
vrtliir^ l»y it ihuat r'r>tiwtfe4t4»'* |4«, siltwtiy 
alsirf, !•«» jHut'wl tu l»0 Ifjp i»riy !•« 
rrystal nlrn»‘t»,rp Whcil I, airs thr 

»‘uM,|»ar|!»u»» rtn*! i,|<4 ui,t. in4t<-r..®. iitrv ^ll 

jHttIfr l*« W ssilHI,!*’ Hsirifrf'a Tlwt i», llir 

tm’i'n un rr%»l>n.!a hy arr 

Utsly *Wr|( nm twii’r raliulwi, IMtr|rr|»la. 

wjistlr ..,»!%■, siHtl „!SH<illy i-r-rv |s.« 

«urh !»a 4. 4 j 4. s-r |««aa»l4y *1. «n4 Imi 

tpry rarriy |ii|,|l,rr isMMilug'f®. tn *«i|ir-r »ut4». 

wp Iwft* Hut l«» niilj >4 ri'«^ry j»<f»5i4t4p 

A«sle, t«,t «ll|» -aUi^x*'* 

Alufras* py, if 

■yiiittirtry iwt j»fp.»pitl, 4J» i» IIsw t«r» 

Will |fruM|« ><ir ” " 

r*’frrrwl l*-*, fur *l«rh iW ijislv-t 
HIIIMlw’rt Mtv ttl« «.ittnp, «{! IfiP.'Ssrt im-rm «f «»||' 
»»||p fstni* l»Vto|| |||« mnm*< trial 4u»i 8.<* lit* 
ay«n«rlfy ilrtr-iuiwi- tt"w Ii*»p bwi, that !« 
eli« (tystiprii uf hifilsMt syriiwrlry, tlir rssl*!*'. 
f«»r 'wlsit'll llsr j«*r<!»MSrIrf» aw -s!! rsjtsah thr 
|f«rr:» is»rlil 5 r«| I.s all lljfr* i»%r *5 
{flP iMi'S.iAbt# h,M !»<• Ir-ma tfjai, i# 

fsirr-*, *.11 t'Sf«jiift5»r|»lr'4 |»% |f|» s-attt,-! 

isynilwti, rril; i'‘tt Hi®!/4s,rri ''|*h« liin*! f«f 
Itr4f-f*pl |»,at i,®rs! »!», Ill fill I, rrisrf s rul l»« rJi 
♦ 4ui»|i » ” fur*,, " wyMshul, li,r gJit-rii na 

tt'jlfrwilliSHil IIms futSH Isr-jtlH thugir j.f n |.;|a r «s 
llw! I«»jj ffuijt in-la, at ,%l ttl« P%' 

Irmir, Iss f l,»« I, |»« s»»» 

iwfwfy f**-r I* * fisfin BHi.s «4trlf 

Til** tf'||nl*|' “4 «, *# ||» 


il HUS' S,ISj*l,*'i. ,-i ;niF Tti* lis-.Ufi*,* «|u.Iri .i 

hr-sjruu ri nn »':»< h f.«> »■ tu {.» 

U,u* rtHia I,U)| s i, In **ll r>|ii il S'lit-I 

fs>*!H {l,*» tilht'J Jf I St I'J, iurt-H 

|lll|<t|l-<l liy ,!■! suunr riir > ui*r »» 
;|iN;t;,|ur i-iss h liii-r r> |<srt,l!«-l {>< ?«»< Ji 

llHtll ,!J thl'' fr«>,,S I. 61 T, iHIMs ?|s«i tiKhI fcisr, 

sHpi till' l>*|i f:»«r 'i’hi- t.f 

»,HI|4«’ l<r(»,'hrt hi’Sr >•» tliaf htl' 

Itir *4 si fill-?’. 'I'hr tsthrr fsinr fuSsuH 

(rt’jiri’-srntr'il U, Fiy.i 17 !«• 3* titr Im 

IsslVI’ ^Vrfrtl r»'|*lra*''-,»l<»{l H rs, thr »'• ihs|(»« » j(r :s| 
fur tf,r> hiniikta us i.i»jsr4s'»«n 

til F'ls/, 17, s»S»«l ■*»li Ihtrr 

!»«*»»»<? siltt'siya , l*»r llir ,» fintrirf, . 

lis^irs*,! *4 »-t ft, I'm ■!>}»»«« {, ill i'fg }H, 

1«,| alwaia 

4„<l Irtw l!i«* fuj' tiss’ Irr.ihio 

Iswirtsfi aifci ssf »l Ifii'r-s , »hu«» I8J I'sy. 

tH, sMiii jihfl*, liar l«u 

ahiiiya IfirAlr-r tlimH li»r Ii8lr4 , aip! f**t |lw? 
irtrahis h«'%i,lirsiru«8 '» t<»' , a8s'*«»,, ♦» i's’j 'Jtt, 
'‘3Jn* . irtvrry f !»••■«' 1, 1 ih*-. i*! n j*.»« 

anitiwrta |»<,fi,l|s-! |u ujjr a % 1 'S alH' I «l»!ilrrr,,l5) 

'll, ini fit lIsH ullir* fits*. 

In liii istlirr a%®lr-Mj ll»n »-iijls,«' arr tliP 

ssf Ihr sh'-lirit'naiMnl l»|, liar- H» 

WrSry t4« Isr »■ :»I« llsi-r-r-lly 

llapf-rffrum {»y »|ihr'is»--«l lr»i|usju»«F'try. |i, I hr 
tlir iMIjflr:* t|ut |(%r.4 1*%' tlaW 
i»|S«M,rlry rir!i|4ir»i l»( isr. »|r.!r»M(«jr«i hy 

ll»r- traiill* 

uf Ihr rlrMU'Hl* Is® ilifrrtly 
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various faces indicated by the Milleiian 
indices. The projection is that of the upper 
hemisphere, but as the plane of the paper is 
a plane of symmetry of this rhombic crystal 
-the poles on the lower hemisphere are identi- 
cally placed. The two vertical planes of 
symmetry are repre- 
sented by the two 
diameters parallel to 
the page edges. The 
symmetry of the 
crystal is thus clearly 
and fully indicated 
by the stereographic 
projection. 

§ (11) Crystal 

STBtrCTTJEE. Now 

the limitation , 

of the number B b OfO 
of possible 
forms to such as have 
rational indices is of 
prime importance 
with regard to the 
structure of crystals. 

For it means that 
the crystal is built up 
of units of definite 
appreciable size, the 
“bricks” of the 
crystal edifice. The 
Abbe Haiiy, who first 
recognised the law at the time of the 
French Revolution, imagined them as 
“ mol6cules intdgrantes,” and since his time 
the idea has developed, very slowly for 
many years, hut lately much more rapidly, 
until a geomotrieal theory of crystal structure 
has been evolved which has probably now 
reached finality, having been confirmed in a 
remarkable manner by the new X-ray analysis 


point-systems of the simpler kind, involving 
geometrical “ space operations ” of only the 
first order (rotations about axes only). They 
were first described by L. Sohneke. The 
remaining 165 more complicated point- 
systems involve space operations of the second 
kind (reflections over 
planes). These were 
recognised and de- 
scribed simul- 
taneously by E. S. 
Fedorov, A. Schoen- 
flies, and W. Barlow. 
Fundamental to the 
whole 230, however, 
are 14 space-lattices 
defined by Franken- 
heim and 
b OiO B Bravais, and 
many of the 65 
Sohneke systems 
reduce to these space- 
lattices when groups 
of the points are con- 
sidered as units, or 
are replaced each by 
a single point ; in a 
few cases the space- 
lattices are special 
cases of the point- 
systems. 

We thus come to 
the basal fact that the structure of a crystal 
is fimdamentally that of a space-lattice, a 
three-dimensional trellis-work. Three of these 
space-lattices are of cubic symmetry, the 
points being arranged as the simple cube, 
the centred cube, and the face - centred 
cube. They are shown in Figs. 24, 25, 
and 26. Two others are tetragonal, four 
are rhombic, two monoclinic, one triclinic, 
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Fig. 23. — The Stereographic Projection of Topaz. 


Fig. 24. — ^The Cubic 
Space-lattice. 


Fig. 25. — The Centro 1 
Cube Space-lattice. 


Fig. 20. — The Face-centred 
Cubic Space-lattice. 





of crystals presently to be referred to. Its 
essence is as follows : 

Considering the elementary atoms compos- 
ing the crystal substance as points, the crystal 
structure is that of a homogeneous arrange- 
ment of points. There are 230 modes of 
arranging points in a homogeneous structure, 
such as is possible to crystals, having regard 
to all the limitations which are imposed by 
the law of rationality and the fact that 
crystals have plane faces. Of these, 65 are 


one is hexagonal, or trigonal-prismatic, and 
another is rhombohedral - trigonal. In the 
crystals of very simple chemical compounds, 
and of the chemical elements themselves, 
the space -lattice is directly formed by the 
chemical atoms. In the more complicated 
crystalline substances, when more atoms go 
to the molecule, the space-lattice points are 
surrounded or rejfiaced by groujis of atoms. 
In any case, the structure is that of one of the 
230 systems of points, according to which 
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held that iaomorphous substances are equi- 
angular, and therefore that quite a large 
number of similarly constituted substances 
had not only the same form but also the same 
angles. But the results of the writer’s work 
prove that there are small but very real 
differences in the crystal angles, rarely reaching 
3° and often less than 1°, as well as in every 
other property, and that consequently, even 
in these cases of great similarity, Haiiy’s law 
is strictly true. The only cases excluded are 
cubic crystals, for which the symmetry fixes 
the angles. But even in these cases all the 
other properties show progressive differences. 

§ (14) Analysis os' — 

CRYST.iu:i Struotube by 
X-RAYS (LaTTB). — At 
this point the 
writer was 
eagerly looking 
for a means of 
converting 
into absolute 
measures these 
relative dimen- 
sions of the 
space - lattice 
cells, afforded 
by tho siiace- 
ratios. For 
so far only 
strictly related 
compounds, 
such as those 
of isomorphous 
series for which 
the structures 
were certainly 
analogous, were strictly 
comparable. One stop 
forward had been made, 
however, for from tho 
evidence of the produc- 
tion of excellent mixed 
crystals and parallel growths it had been 
proved that rubidium and ammonium sul- 
phates were also strictly comparable, and 
their isostructure rendered certain ; for close- 
ness of structural dimensions *is a condition 
for such productions. But at this moment, 
in the year 1912, M. von Laue of Munich made 
his epoch-making suggestion, that if the atoms 
or molecules of a crystal are in truth arranged 
in a space-lattice, they ought to be capable 
of reflecting or diffracting the exceedingly 
minute electro -magnetic waves of the X-rays, 
for the order of dimensions of atoms and of 
the wave-lengths of X-rays is approximately 
tho same, about 10~® cm. The planes of 
atoms of such a space-lattice ought, in short, 
to behave much as a diffraction grating does 
towards ordinary rays of light. Has colleagues, 
W. Friedrich and F. Knipping, tried the experi- 



* 




I'lG. 27. — ^Reproduction of original Laue 
Radiogram of Zinc Blende. 


ment Avith a crystal of zinc blende, and found 
it to succeed perfectly, the crystal diffracting 
the incident beam of X-radiation into a 
number of diverted beams, each of which 
made an impression on a photographic plate 
which developed as a spot, and the whole 
series of sjiots formed a pattern — the now 
well-known Laue radiogram — which exhibited 
the cubic symmetry of the crystal, each plane 
of atoms of the space-lattice producing its own 
spot. The Avriter Avas fortunate in seeing these 
historic first Laue radiograms in the Munich 
laboratory on a visit just afterwards. One of 
them, for zinc blende, is reproduced in Fig. 27. 
— Before giving a brief 

account of the remark- 
able development Avhich 
ho.s followed 
from this new 
mode of at- 
\ tack, it may 

« % . be said at once 

^ ■. that the results 

\ have fully 

\ confirmed the 

. % conclusions 

t ’ 1 crystal- 

log raphe rs 
above d e - 
scribed. They 
prove beyond 
a shadoAV of 
doubt that 
crystals are 
built up on the 
principle of 
point - systems 
and spaoo- 
latticcs, the atoms being 
tho ultimate units, and 
in a considerable num- 
ber of cases of simple 
chemical compounds the 
absolute dimensions of 

the space-lattice cells have been determined. In 
the particularly important case of the sulphates 
of potassium, rubidium, and caesium, for 
which the relative cell dimensions had been 
given by the writer as explained in a previous 
section, the absolute values now obtained by 
X-ray analysis have proved to possess pre- 
cisely these relations, the correspondence being 
of a most satisfactory and even surprising 
closeness. The actual figures are given and 
more fully referred to in § (17). 

§ (15) The X-ray Spectrometer (Bbagg). 
— Shortly after the publication of the memoir 
of Laue, Friedrich, and Knipping, a neAw 
method of procedure ^ was devised by Sir 
William H. Bragg, and a fuller explanation, 
was given of the Laue radiograms by his son. 
Prof. W. L. Bragg, who has also used Avith. 

> See » X-Rays,” §§ (6)-(9), Vol. 11. 
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The structure of iron pyrites is shown in Fig. 
30, which is the reproduction of a photograpii 
of a model. The case of calcium carbonate 
is more complicated, as the structure appears 
to be built up of calcium atoms and of CO3 
groups, in which the oxygen and carbon atoms 



Fia. 80. — The Structure of Iron Tyxites. 


are very closely bound together, for a reason 
to be presently explained (the sharing of 
certain electrons in common). 

In the ease of copper crystals the atoms are 
all alilce, being those of the element copper, 
and their arrangement is that of the face- 
contred-cube space-lattice. In the oases of 
the chlorides of sodium and potassium, how- 
ever, two kinds of atoms, those of the alkali 
metal and of chlorine, are present. Now the 
Bragg method has revealed another important 
and very helpful fact, that the intensity of 
X-ray reflection from a crystal face (really 
from the planes of atoms within the crystal 
parallel to the face) is proportional to the 
mass of the atoms composing it, and the 
atomic weight or atomic number may be 
taken as representing the mass of the atom. 
Henoe, as potassium possesses the atomic 
weight 39 and chlorine 3 5’ 6 the masses of the 
atoms in sylvine are nearly alike. But as 
sodium has the much lower atomic weight, 23, 
there is a distinct dissimilarity in the masses 
of the two kinds of atoms composing rock- 
salt. The effect of this is curious. Referring 
to Fig. 28, it will be seen that the cube planes 
(100) are all composed of equal numbers of 
metallic and clilorine atoms, while the octa- 
hedral planes (111), shown in dotted lines, are 
alternately composed all of chlorine and all 
of metallic atoms. The effect in thu case of 
rook-salt is as if there were two interpenetrat- 
ing space-lattices of the face-centred cube, of 
different reflecting power, composed solely of 
sodium and of chlorine respectively, each of 
double the spacing ; the first order spectrum 
beooraes consequently weakened, while the 
second order is abnormally strong, the third 
order nearly disappears, but the fourth order 
reflection is quite good. On the other hand 


potassium chloride (sylvine) crystals behave 
as if the structure were of one kind of atom 
only, and the space -lattice is that of the 
simple cube, the small cubes of Fig. 28. 

§ (16) Debye and ScHERRER.--Yet a third 
method of X-ray analysis has been devised 
and most successfully used by P. Debye and 
P. Scherrer, and independently by A. W. Hull, 
in which the crystal is pulverised and the 
powder compressed into a rod, placed in the 
axis of a cylindrical photographic film and 
subjected to “monochromatic” X-rays. 
Characteristic interference curves are shown 
on development of the film, afforded by such 
particles (and among the infinite variety of 
orientations of the particles some such are 
bound to be present) as are correctly orientated 
to give the reflections from their planes of 
atoms. These three methods, the Laue 
radiographic, the Bragg spectrometric, and 
the Debye and Scherrer powder - method, 
of X-ray analysis, most wonderfully confirm 
and supplement one another. 

Sir William Bragg has since shown that the 
powder method may be ada]ited for use with 
the X-ray spectrometer, it being only necessary 
to paste the powder on the flat surface of a 
holder placed on the spectrometer instead of 
the crystal. 

§ (17) Structure as determined by 
X-RAYS. — Careful examination of the. reflec- 
tions of X-rays at the various glancing angles 
corresponding to the different orders of 
spectra (n), as regards both the determination 
of the exact angle and of the relative intensity, 
has enabled the structure of a large number 
of substances of more or less simple character 
to be determined and their cell dimensions 
to be measured. 

(i.) Zinc Blende, Diamond, and Fhiorspar. 
— That of zinc blende, ZnS, is shown in 
Fig. 29. The zinc atoms occupy the corners 
and centres of the large cube faces, but the 
sulphur atoms occupy the centres of alternate 
small cubes. Moreover, if we replace both 
zinc and sulphur by carbon atoms wo have 
the structure of the diamond. Again, if the 
zinc atoms be replaced by calcium atoms, 
and the centres of all the cubelets (not 
only alternate ones) be filled with fluorine 
atoms, we have the structure of fluorspar, 
CaFg. In all these cases the structure- 
lattice itself fixes the positions of all the 
atoms. 

(ii.) Iron Pyrites . — In the case of iron 
pyrites, shown in Fig. 30, only the iron atoms 
are fixed by the lattice itself, of which they 
form the corners, like the zinc and calcium 
atoms of zinc blende and fluorspar. The 
sulphur atoms, however, in iron pyiites aro 
not at the centres of the cubelets, but each 
is moved along one of the diagonals (a trigonal 
axis), chosen complementarily as shown in 
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tiu* lil-tUI*-. fn It till- e-1.U'l I..- ai-.li 

tif uhi«'h l«-rU iitrlrMUllUrtl with 

slri‘tU- 4 *' V ; H < nn ll<*U | i ;sS th*- 

rutiH'c jjciU ula>-h f!i*’ :iitJ|4s«ir m 

It'i UrJ!,;hl“*s«f Mill t«* .Hf'SlirS ‘lUlpliiH 

aluin, ikA !i!s*n^si ffir r«’ijfr4i! lu 

Ft‘t, It*. 

futj t 'tlflnm ttnti sf» t •>. Th*’ aSrni' 

tint' »<f hivi S**'»'is i 5 »v«’iii in 

|l j ; thsil «>f IIh’ fi.rm xf ••5u1»*»Uj |.*rii|»hstrj 

Ig.na »lrtt’man«'<l by Ih*’ j»»nx|*'i^ 

I«v tu»4 .Hrlti’ttrr, l»y Hull, 4«*l l«% .Mr 

\V«Sh<sf» !Jri.8|,;5,?, <hpS fxuntl lx S»«», 

thitl ®»f rt 3|i4f»- lisHli-r. X*»« ll I-.-) 

|t!l»ll*'nls»rlv l!is»t thr sslsijt- 

lut»*r», >4 tluituuMsl *4 *»i ,i|«lulr, 

l%m 4ifl*’r»'til rtrfisnj.uuurnta xf iIk^ Ixtit 
VilU'Mn ¥ *4 riillcUl ‘riixisp »4 

{riibji’! a,tv> tsffiUsvfr*! tdi! r.ilp’alrstlly , rarlfenti 

IwnUfi Im'»I Is* !•>«»■ 

iiif H»»» »'i>sj««'r 3 »*i i» it 

Its*'' SrJtlmit H’U tiUn' >>t 11(0 ffli.-r®, 

Imsjul »»j*Stj.*l8| Ali»l llsrs >«|jarl 

tin*'** lunsi 4»<s« Mwi -.srsH lili** 

4 H» ^*1;«|s!hI*' sstp j*«S«a' 6|ij»l 

'a in »! s.iilis» h s-j |•t^' kr.sr.sl 

tn Hull, sUpI 4 foJUSls |r(ti|i|»s|' MSsr 
»lst *8|i»r t«* llsKt jsl'.sJU' i‘'*«itl8rs, Htr W siliiitii 
ls*-> Hi*’ MUSun jwirkt’trsi 

|»|..sJsr.,!» r%t.isl in Imtli* rtSwl |;f ai|4ti!r, 

««»pS llsrir rr.jsr||fj«u jij |{»rs ^Sriisltifr 

rraMliss »» itsp |iUJi)Sin|j»*j| »4 •I* -I'arlwitl 
mi}.*ss I|s»»r4«'6,pr, if »r’ tilfers !«[,, aus-fj ii»vrr» 
««l n »Usni»i»»jst «lru5'!nr«» tse.ulrl 4»*4 rw*!-*»rs 
S't 8 !s*- 3*» IsulljifS' ■:» fS -a 4 !|j«' 

■*! tll«» 84Ulri lusjus it 

4 Insnlr.l |.’»aj4jitr Tin’- ^rraSrJ 
?j*'j*.'4l5«SI-«U •«! tb*’ la rtliSM* <8e','i.fss|»anir*l 

!»%• »»«»»•• *S|« *4 li»r. t«S llsr. 

|s*i>A«*f«l |<lisf»r, isii4 s!w< ttS'i »irrs3>n» r» 

t«*l*r'!jirr ilrtniMUHr |4;ri»|shstr* ima 

In !|#»’ -i»tss| tPt%‘ is!j|jlil «! tjjflil 

sUlitk'* ti-« Ih** jiiiSSto , bs-.tJis r, it ti-l»s!i»ra 
fiis l||si jsisstjn i;,, frusltlv ls« tw Sixll 

wsssisillt |(< iHirt -iM> « Hk li»«t j.ihrr 

lliaSMsrtl*! W iijr !»a!(«lrs»l kll-iMti 

H««»t inirfr-sSiijii »•! «ll, i» lli** 

l»rs«wj|l»i t«< !s4?I»I Iw' Ilia! 

aj% uliniSfl |MKra*al «« 

«*18 Is Jt* tllr! <»rs 4 *s-sti«’! r:*flss.}j s-.«M»j»rt|n»i .9 
Itrifs^x'fsn Stafsil. * .^H,, few ««»t I'r-I itf-x'n MHr»!> 
lilt* t»sr!! .si «i ' t" llul llsrsfr, 

i» ft'finsslnl f-.i ii«sls-f%sinj,; iftsil it 

Msljrriv iif Mirls lt»* 4 SiJijfs »lSil 

«ft«» |sr«| »!(?«»«}# XiSiltlillsitlir.Jiio, ha*tt • 

p^r-r, t ailspls |js;« tf«*» tiUi.*® tta 

»!* 8 )»»»tiSf|||j 4 S, lt*ss «'»rife.|} * 5 **IM» 

|4» ||»« Imu «*»***, r|»«lalliar« 

Atpl «nlisf«rr!|H», wpII bsf Its** 

j(«s«it|pf ||»4a. 

li*r*« t»pii#riisn «rtl» f.rttr «ta>fi»a 

in titl mt€|%'4ja Itf- Sltr> faV 

il m-iM f-s»iint| i.is*t Ifc** 


ssnus- «'hui< I i! f !■>■.« If 1 -i s'.iiii ail.-.t.up *■ 

t«<. IIS! -Ii-I ule ! <4 fiii< I. !, j!|. •• .it !•• -3!, 
nuul t km .tl.-i. It -Si i it t 1 1 - ti> f «-i I'aursl 
Tiir • ■■>SU»'8.s *4 tin' I »"ll », ijSs.l .if / • flu" •rullft 

e. f thfiS j«i MU’ ktsf-i, Air riS*!» ..iini-titS 

}>v lfi«' ik*n{4«' fn-u.’i-ns- >4 -.r 

III*' trijslr Jintlil (irrut , I'-.a. !i tnHitr s s 

4«i »’*ilsf4, Iftn it. ! .131 

nssakiJsinl III thi' aii.nru jrft s«!.i»Si»l 

alrinituna FiltSlM'f, Hi*' Iw’Si/risn 

riii||a wnrr •»§.»•* t»» srtJp.aii jnl.n f m Itn’ 

»l«>rsvi!iti8 8’* *4 l!»»i j>..8rlii-5»l'.« 

• sn«*a altntlS’«i lu*j}*|| s»s'r|js»j«hHirJ!«', ti»*> a i»n»l 
•si«! ».! H 4 | 4 itfH I’iutiu*-' • »'i 5 

»hi(H’ii.!sg-<ena #sf «Hls.s|.;Hirs .1} ««!}'»’ 

i« alwshtt*’ »»r«.aUtr. iMl4 tl«p s*"!!!* 

f. isin«t l*» rxsitiim f’.ur ||s»i uuh 

sl.iUr** SH till f.utr 

Its tlirap (■r>!n(srbtsl»!»’ »»t al rnt |iii!'r.n tl 

ia I |t»4,r lliftl llir. sssi»ir,-«8l»-,a jK-.fat'jl ts» lln» 

s-ryst«ilwr: .itsiils., rtinl •:» s !r.»r rA.sM-- l5 al|.,|4r4 
»» l»l« l» tik'-’uill I'ht'rk thr' !, {,. » .<Us 

I»»S|S» tisp r,i»iH \ fi»V |s-®««ISa ftitlk 4rS% ajiaej.lr 

Minis, f|js»t ai'.*Sir Isrr.l !«’ 

» ••liapirSr-il ill llsr * f > «l tsliusr- at.jlr, uSj,i Ifi-il 
Silxlrrsilr-a »*.« lois^^rr |«>t'»tsS Hui ll »s 

m-Asa iti *»»%• r'a.**!* mpf Hspr*’ jiip 

many »»**««•«».>» «l»y it «j«!ln nil l<* Iw4»r*p 
iSulM's*! ail|>r.i aAiuri*lrtl a.»lu. 
lii.jw,, t!in?| umI i»ir s .•jiirprhrul in 

3''S _% ♦<* llitit intUlf- *Ss.w<K la 

r%»-|»ptr.«| , ansi ths’ J8»« -Irj Jtl*’ 3 «|r.j«.oit 

llupmaplsr* in Ia.sIsj.-h i!» fiiS-JUMsiJ tf»r. 

'AH’ trl’tsstlii’-i-il, utlir-s-B »ni|satUi^i|jsl» 
nl.irs It. «8is tfnus*, ««lsjis» Itsr. Jt^ol.al r.*{jSsi«i la 

tijs-alH In »..48sli's!» 3*r 

iiv } f .%* 4 lt P 4 t«*S»j 4 *'- 

sieSSSillfl tljplnr tijn Strttrf'ji s.ldSi |t#it'es tS»«l 
S,|||*P»» 4li-.S8, »«i l}ir< eiijltafnii ?«»rf SssaiiiSirf 

li| llsrsii! r»»as»lta » ■‘■S.itifSsj Slir »..s|i s.f 

rr% llsri * .**» i.f tltr f isniisliitr. 

»ttl|»ls«|l*T» « 1 «% Its* »|«t*<!r-(!| Tlir. »ul|elsur 
mif.frt i=mtt4 l*» tm-. ilsri rutswr® 

>*S»i| l.sKS’-vir.stltsp^ ««f tljip mnl 

Jst'iaiii, llfen ;?4, rnrrjsi lln*t 

tlj« fP* t«ni^»lt«r S»..!jlr.« -*l Htri |<SI»St» 

umlli n**S r*|U!s|, i!»r< il »>f '-jrll 

tint iwil t*’« t!t ’Siskji ‘I la«’ 

WlPtsilln' >•! |e" tlasssMitss, fstliiifntii*, »tf 

fiiPailMM*, «yr. aS'#AJ»j;T'»t i*r tiliS' li I* 

Stj fr-iuariia III** 'ili! ! teUlt Ibn ssri! 

8 i.»»p8sr-.4» s4 jB.4*»ssjsn e«<!l|*}sn,t,r ainl 

H» lsc>*3«j}»*fsa| »i stsiiarSlI', llsn 

iil» tIsR Iwsfit;* « t«« 

iMinalra rritti.n'r*! t'Sli' mut .'Ki" 

Tis*» I3*I4« «<■»» tisi' 

f.»f ilm 

I«ej4s' «»issJ fltir. fr-|«ii*r. »l|JSST'li*Ss»ff« nt 

thp ftjmrn s-ipll-as! f.««f lln-i f«»s.}f «#tl* »4 

llin 4r.»sr-», sMpI !*I*» liuP slif#»PllSi|x|$.»i 

¥ •ssluHt*'# *» *|«..tpttttt»sp»t l»% U»rn(W4« *4 

■% t4t9 li»P *a«tP sf%»l*l«! 4«4 

|»y Its# ttfiirifi l#y pp*!. «»4 


CRYSTALLOGRAPHY 


Mr. P. L. HopwoocI in Sir William Bragg’s 
laboratory. The correspondence is striking, 
indeed if the writer’s relative values be 
multixdiod by 10~’ and considered as centi- 
metres the absolute values as fixed by X-ray 
reflection are practically rei^roduced. More- 
over, the almost xierfect isostructure (equality 
of cell dimensions) of the rubidium and 
ammonium salts is fully confirmed. Incident- 
ally, this is a fact which clearly shows the 
fallacy of the Pope and Barlow valency 
volume theory, which would require that the 
volume of the ammonium salt should be twice 
as groat as that of rubidium suljohate, the 
respective valency volumes of the two salts 
being 24 and 12. 


a periodic one like that just referred to, with 
the electro-positive alkali metals at the 
summits of the periods and the halogens and 
other electro -negative elements at the de- 
pressions ; it is shown in Fig. 31. The sphere 
of which this “ atomic diameter ” is the 
diameter is the limit of approach to that of 
any other atom, and in the simplest structures, 
the crystals of the elements themselves, it is 
the actual distance of separation of the 
centres of the atoms from one another. The 
law is proving very helpful in elucidating 
further more complicated crystal structures ; 
for no two atoms can occupy, or be assigned, 
closer positions than the sum of their two 
radii. 



Comparison oir Molboulab Volumes and Spaoe-ratios with Absolute Dimensions 

OP Space-lattiob 


Molecular 

Volume. 



Topic Axial Ratios, 
f for Kaa 04 = l. 

X : </f : w 

Absolute Lengths of Sides of Unit 
Rhomb. 

a b 0 

Volume of 
Unit Rhomb. 

0'6727 ; 1-0000: 0-7418 
0-C044: 1-0387:0-7774 
0-6940 ; 1-0662 : 0-7723 
0-6213:1-0877 : 0-8191 

cm. cm. cm. 

6-731x10-® 10-008x 10-® 7-424x 10-® 
6-949x 10-® 10-394x 10-8 7-780x 10-® 
6-951x 10-8 10-560x 10-8 7-729x 10-® 
6-218x10-® 10-884x 10-8 8-198x 10-® 

425-78 x’ 10- 8"^ 
481-14 X 10-8‘‘ 
485-71 X 10-8* 
554-88 X 10-8* 


KjSO^ . 
BbjSOa . 
(NlD^SOa 

OsjSOi . 


§ (18) The Law oe Atomio Diameters. — 
Another remarkable principle has more 
recently been deduced by Prof. W. L, Bragg 
from a consideration of all the X-ray analyses 
obtained up to the beginning of the year 1920. 
It is that the atoms of each chemical element 


§ (19) X-RAY Crystal Analysis and 
Atomic Structure. — Finally, X-ray analysis 
in the hands of the Braggs is now affording 
some indication also of the structure of the 
atoms composing the crystal structure. It 
appears quite likely that the sphere just 



Atomic numbers of the Elements . 

ITia. 31. — ^Tho Curve of Atomic Diameters. 


possess tho same diameter (regarding the 
atom as a ajihore) in all the compounds 
of that element studied, and these fixed and 
definite diameters are related, not as the 
valoncioa of tho elements (as they are supposed 
to ho in tho Pope and Barlow theory), but 
in a manner reminiscent of the relations of 
their atomio volumes, as shown iq, the ivell- 
Icnown curve of Lothar Moyer. The curve is 


referred to as representing the limiting surface 
of the atomio domain is the outer shell of 
electrons. More careful study of the intensities 
of the reflections of the various orders of 
X-ray spectra from the diamond (from the 
tetrahedron jilanes of atoms), and from fluor- 
spar, are affording indications of something 
— probably connecting electrons — dispersed 
tetrahedrally in the case of the diamond, and 
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.>ur (luni !•> MUf n«.snt 8 -r •*! thr h4 % }».■(«»•»■» 
Ihr l■. 4 t•■iljllt^ ,ai«i llufimr »n l!s>- 

»4 illu**r-4j*ar. lti-« lt‘V Main? \ trn»is-i»’ti 

in<srf .•sttu'tlv 5n><in<H'iiii-im4t»»- t»v 

ri'tis'iiixii !’»'•>«» Will, nuit'l* sn.*r»' 
lifti’riUtU'-tlSt'H'Sff mIs'JiaUV Isavi’ U*ru *.fit',unr«L 
WIrh m»trr«| its r4U l«’ r \ !«v tl »l»iil!nU‘ 
Asm«ni,: Ihf %s«tn>nH'4 
wlu«-h iHIrtki’ tS|» Ilu-'S fMfJsuikt lhrr*< ta 
«•»»’ !•< fill’ »>! titr 

rlrriHnlPi *4 tlw* nUlrr th»"« 

lit mKIaIIUH*? «4 t!w» 

mC llrMi'*’, jl l« 

that ftjiiiH’f ttil! al!«»rtl »w fi»»t tmly 

Ars'tir«l«’ \>MV‘ sii»alva«.'» *4 rry»t»il fstnirUirr, 

hut nf »lrH»'intr. 

Th«“> !ii« far f«>«rri sir with 

thr' |4*wt« !»!Mi} 4 «»*Hr \»''t *4 itiri thrmrv *4 

-alrMriur*’ tlirtJi w®«t» tlMi ll»»hr A«nin«’r« 

varipty. Tlirr*-* n «!M!tlsrt. *<1 lltp 

uharltlU of rlinrljolia hv itw’ r4rrilf»* 
rlt’Uit’Ul*, atp! Ii» *4 ihii *4 

rtfl plrvtr** r|r<lt»8»’»l with mi rlrrlro. 

iimalH*’ sMrh that ><f |«4a«.itiHH s»»4 

rhl*»rjn»-> lo forsii rjy^fflls of tjy|vjns% Kl’l, 

llial IIji’ oS}f» llw'ip thin K*lnm| jnnput 

ilH rtIrrfroH, Khilp ll*«» oihrr flirfr Iht* rhlojiin! 
al-«»l4| takwii 41 tsj», tfi of twu 

»siof«’ stiif*!*’' «48ii<i'r ssitrli s4 !l*p -»rg*»n I %•{«?■ 

mill H pir<r}fj ,«|»3 iaj«|sr>af?» l«« l*f* fofJMwf tilth 
J'arh ripIMPtll. lh»' of r|prlf«»S|« #4 

llwi-ifl ll»s» pIpIMpMI,#, jts«ta|*a'4ll<« *Mtl 
tK’inji 111 i« 4 lsf l» risffr.ajtniisliHg t«» 

lln'it atoitUr tiMjnlwrs itt 5irror4aft*'» with lh*« 
8H»|*oita»»l law »•! "I'lsp ♦mil 

!«%»■»'** of |»isall>tr « ll-ar^p Srfs > ,si J htv j,tjj frjj!) >4 
Ihp atom, an4 titP ISs-'iioilH'r. r-%« r*aa 

mill rhariJp of thr- a«l4r«i rlrr-trojs >.« li«r. rlsh.r 

irpt )5it»sif4, a>'l m th«< atltarlstrs ^ 

I iS»»! t '(It st*t |4tn«»ll'S«'4Srli »•»' 

Ml*"**:!-** ■‘1 I'iip -ol Mos)r-l*'y }»»*! 

to nl-so .» |»rofs»»itt4 

•4Mttilis-#HrP "i’hti l#«. |t «»I8 |«p fm. 

mjpt;f;r'4 Moac-ipy'n li»»l lam 

oil *’ ll»i|h IAe'-sj*iWI»-.-%- }4|«a-s'|f# " jtlP 
»•»« fc,|i|r.-s| *l Siiili'ii llaV. tli»l»iafW'!ip», 

4 a lilP rAW'Sitm of atartjsir.- m Sum 

«j|fr«i, iim4 14 ||.«l tjr'iK'ilAts-ljl |l»r 

Sijwi*! fp-iilMtra >4 rillint' lli*8 ItoliJ -ut ihr 
imilr %'rn> 4 *s|»» !s llsal ttip 

rh«fj|p «»« Ihr is X W ili»»(n X 14 

ttjp JiMWsWf, thr WiltJPtt- 5f* litlttiW-f of 

lis*» plnnirnt tS} li**’ |sr.«.«ijv t«i4p, dfisl that 

|}*pfp «fr X rlr-« tr*«j*s^ r««* is of mjlS Str^Alifri 

r.h-,»t|,fp, *'iWS'oHtt4it*ii »t, -«'.ii|Ht»"rSe,«|^S|r<n ihp 

»n»i-|prt* *s»«i !•*?»» »iosi» l»« 

l 0 llS|| 8 (i«lif HiPttn rlr.'l»o*»» *« 

r >«jil.alHMSi 3 % I IW 

*f»»l 33 rsifstfi'ijta a* s»r. |«f-w'pr»l -afonii S|*p 

I*'* ihAr th*"- 

fchrll-s att<--r#t«44p|t *, W, 33. tK 

mni M tt'liteli s*f lb-« l«<* 


t'S t ••Mcs I la fi<l { 111- Uifjsolst uisjii ili-lla! ; 1 '« 
tflMlil'l till- |toU«? li-.W »t hi ( »l, 

Tlsii-i la f!ial f!ii- }>i< •ji.'Sf a >(. •»» m i .-ii! j.l .- \ih i.f 
tlir lifrii In ■> i iSi r’ij.fmin 

ln*-al fni!l ;s!»*l if -SI Hsr j <» - i-Sr a.-.l* -U 

4tl llis" ft VatjiHoiflajihl*- rin'iiH-nl ». ;iUi-h-->, r 

lattifi' > rli «lMii«-uait.jsii, 5t,n»l u« Itif- Miitsfal 

olhft jHojirlf !«•■!, W ill. h h.lii KfrU 

*<l*m«rvr*i hv ihi” 'aritfir !*• *•> » m »«t flu* iwo 
lary*’ tiii4 iui|B*tlrti*t (ticl laojim-lmir 

»»f tJt>»iii»>r|*hoHa fsiilla I ii»il|ilj..*lr--i (a»4 

ttliil 39tll|‘l»-.st«-« 4I«»1 *»*!e’Sia|rri 

with tift.tit f i«nt»»inisis4 Ihr alL-.s!* tarlalfl, 
IuIsbIsHIU, *■ J».f SUlHi. «h»’ls 

|»t4Aa»suist in tPj4A»'rsl l>v mhtsinnn e»n«l ihn 
fait*’!' Ui listti l»y *'a»-!jimM, k'nr tl haa lipru 
kIimWIi that llirar alts>8»}|l(i rlfi'lto- 
rh’IIIWila fottti lli»< msmmta -4 th*- lit-AgH rMfiP 
• 4 «|»isnir iliwiisrlpra, sw * Iraiiv nlamn in I’hg, 

31, sifiil llw’Jr iH f»‘8Ss|i|n%ily hy 

« r««tss|»k'|p ^Ill’ll of rlrflmtia si nn h «tr|» 

h> «n«l from tllhHlmiSI |m 

afi4 rtlojnir |j«us»|«<ira III, 

II?, lui, ihflptitii,; In' rn|Hts| Blpjtsj of }W, 

lli’iif-t*, ihta trj.;»jlar m i>#jp| 

%- of Ihrs (it rarh »lr-|« ia l»»MiS4»l 

)!»* }sr»s»hift» a rtt »l#l!o|?ra{»hjr 

ipiifh «sa hs*# }»»•■«! »»» Iwlly tfnp^Jwl 
Ih' Ih** wtllrf's Work *4 ts«si*«y ir-ar*. «»«l sshirls 
|ijS.» fM*« *• ftttlhwsjllr « <«g»fitmr4 l«> llsr 

4*l«*ohltif |«r*«sHtr«»irMl «'l itw' 9|*s*r»«' 

latlirr? Ity luratia «4 \ ral«. 

It31| ttrt{«'4t. 3.1- * "titsril.*. 

|»hVei>'«»l ^^fM^*rrS|r^ »«| fjiatasl® Ihfr'if 
tlirtr ‘I'lp-tJisal, Kjps'ttifal, «t»«l 

«t«r' iof »-sjsii.»l 

«|p| isilt'lr'st to tliw *1 «-h"*»(»r{r.r* 

whiijk {lai'p lirrn « <.i(t«i%irirr4 »n lltp |4**-«’«i»ng 
Inif ftl|»4 thritt «r«' jiiri4-ns»»Ml!t «ffwf,r4| 
l»y lIsp ina»J»»m h «» t!j«a y 

tml. only ill*! «4 llsr H,jr.|8nt |o|«l Irtll *4 
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polar reciprocal, tlie indicatrix of Fletcher. 
The latter is the simplest and most useful for 
all practical purposes, as its axes are directly 
represented by (proportional to) the principal 
optical constant, the refractive index, corre- 
sponding to light vibrating along each of 
those three important directions. Hence, the 
main task in practical crystal-optics is to 
determine the refractive index of the crystal 
in the three rectangular directions correspond- 
ing to the axes of the optical indicatrix. The 
determination of refractive index is an opera- 
tion familiar in the physical laboratory, and 
it is only necessary here to mention that it 
involves the measurement of the angle of the 
prism (on the goniometer, like a crystal 
angle), and that of minimum deviation for 
light of a number of wave - lengths distri- 
buted through the spectrum, the same gonio- 
meter - spectrometer being 
used for both operations. 

Wo have first, however,, 
to know those three axial 
dirootions of the indicatrix, 
and if they are not already 
fixed by the development 
of high symmetry on the 
crystal, to determine tlieni, 
the determination of two 
sufficing to fix nil throe. 

This is achieved by ex- 
amination of the i^hcno- 
raona afforded by plates of 
tlio crystal in i)arallel and 
convergent polarised light. 

Now the greater the sym- 
metry present the simpler 
this task becomes. If the 
orystal possess the perfect cubic symmetry 
the optical properties are the same in all 
dirootions within the crystal, and the ellipsoid 
becomes a sphere ; a 60° prism cut out of the 
orystal in any direction will, therefore, give us 
the refractive index, just as if it were glass. 
There is consequently for a cubic orystal but 
one refractive index for light of any one 
wave-length. If the symmetry be that of 
the tetragonal, hexagonal, or trigonal system 
the ellipsoid becomes one of rotation about 
the tetragonal, hexagonal, or trigonal axis 
of symmetry. The refractive index for light 
vibrating along that axis will thus be different 
from that vibrating in any other direction, 
the maximum difference being for all rays 
vibrating in the circular section of the ellipsoid 
perpendicular to the axis. Those two extreme 
rofraotivo indices are respectively labelled e 
(vibrations parallel axis) and w (vibrations 
perpendicular axis and in circular section). 
If to bo the greater, as for calcite OaCOg, the 
crystal is conventionally negative, but if e 
have tlio higher value, as for quartz, SiOj, 
the orystal is said to be positive. Light 


travelling along the axis remains a single beam, 
as its vibrations are all in the circular section. 
But light travelling in any other direction is 
doubly refracted, a bifurcation into two rays 
occurring, one of which always affords the 
index w and is an ordinary ray, while the 
other is an extraordinary ray which only 
affords e when its vibrations occur parallel 
to the axis. Hence, tetragonal, hexagonal, 
or trigonal crystals are optically “ uniaxial.” 

In actual practice a 60° prism is cut so that 
the refracting edge is parallel to the tetragonal, 
hexagonal, or trigonal axis ; this prism affords 
immediately e and cu ; for the ray traversing 
it at minimum deviation passes along a 
diameter of the circular section, and divides 
into two rays vibrating perpendicularly to 
its path and polarised at right angles to each 
other, one of which vibrates parallel to the 
refracting edge and axis and 
affords e, while the other 
vibrates in the circular 
section and affords w. 
Tlie two images of the 
signal-slit corresponding to 
these two rays can readily 
be distinguished by means 
of a Nicol prism placed in 
front of the telescope eye- 
l^iece of the goniometer- 
spectrometer. 

There is usually no 
difficulty in recognising a 
uniaxial crystal, and find- 
ing the position of its axis. 
For a plate cut perpendicu- 
larly to the latter exhibits 
in convergent polarised, 
light the well-known interference figure con- 
sisting of circular iris-coloured rings and a 
co-central black cross, the former being curves 
of equal retardation of oiio of the tAvo rays 
behind the other, and the cross marking the 
directions of vibration of the crossed Niools. 
The goniometry will have indicated the 
direction which is probably that of the tetra- 
gonal, hexagonal, or trigonal axis, and a plate 
cut or ground from the crystal perpendicularly 
to this direction can readily be tested for the 
production of this unmistakable uniaxial inter- 
ference figure, a photographic reproduction of 
which is given in Fig. 32. 

The more general case of an optical ellipsoid 
with three unequal rectangular principal axes 
corresponds to rhombic, monoclinic, or tri- 
clinic symmetry. The directions of the three 
axes are identical with those of the rhombic 
axes, hut only ' one crystallographic axis, the 
symmetry axis b, is coincident with an axis 
of the ellipsoid of a monoclinic crystal, and 
in the case of a triclinic crystal there are no 
coincidences of , morphological and optical 
axial directions. In order to determine the 



Fig. 32. — ^Uniaxial Interference Figure in 
Convergent Polarised Light. 
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and the truly orientated plates and prisms 
can he prepared with the aid of the cutting 
and grinding goniometer which the writer also 
described to the Royal Society at the same 
time as the illuminator, and which has proved 
so invaluable that no excuse is needed for 
illustrating it hi Fig. 35. It possesses all the 
attributes of a goniometer, having in addition 
its adjusting arcs divided, combined 'with a 
cutting apparatus (revolving soft iron disc 
with diamond-fed edge) and a grinding and 
polishing lap (one of ten interchangeable ones 
of various suitable materials). Either cutter 
or grinder are removable, to leave the held 
clear for the other, and a pressure-controlling 




















Pig. 35. — The Cutting and Grinding Goniometer. 


It will now bo clear that the optic axial 
phenomena afEordod by a crystallised substance 
are always spocific and very often characteristic 
of the crystals of the substance. It will be 
obvious, however, that a ready mode of 
producing pure monoohromatio light of any 
wave-length is essential, and also a means of 
preparing parallel faced and truly plane 
section-plates and 00° prisms of any required 
orientation as regards the crystal faces and 
structure. The former is very conveniently 
afforded by the apparatus just referred to, 


apparatus is also provided which effectually 
prevents fracture of the crystal. There are 
also labour-saving devices for preiiaring a 
second surface parallel to a first, or at 00° (or 
any other definite angle) to the first. With 
this instrument the many hundreds of section- 
plates and 60° prisms used in the writer’s 
researches have been prepared, and the 
accuracy of the results is largely due to it. 

§ (22) Other Physical Properties oe 
Crystals. — Just as the symmetry of a crystal 
imposes its determinative and controlling effect 
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on the optical properties of the crystal, so does 
it also in like manner determine the orienta- 
tive character of the thermal, electric, magnetic, 
and elastic properties. The limits of this 
article have been reached and these properties 
will bo found more or less dealt -with under 
other articles of this Dictionary. But from 
the practical point of view it should be stated 
here that as crystals are usually such small 
objects the most refined methods of measure- 
ment are required, the ordinary large-scale 
methods of the physical laboratory being 
quite inapplicable. The wave-length interfero- 
meter is therefore the indispensable instrument 
of measurement. Indeed, it was in order to 
measure the thermal expansion of crystals 
that Eizeau devised this interferometric 
method, using curved interference frmges in 
sodium light as the unit of the scale. The 
difference of expansion of the screw-legs of a 
platinum tripod carrying a plano-convex lens, 
and of the crystal resting below the lens on 
the table (through which the three screws 
forming the tripod pass) of the tripod, was the 
actual 0 b j cct of the measurement. The method 
has been brought to greater perfection in the 
writer’s interference dilatometer, in which hah- 
wave-length rectilinear interference bands in 
the more purely monochromatic red hydrogen, 
red cadmium, or yellow neon light (the two 
latter being absolutely monochromatic, afford- 
ing none of the secondary interference in 
I)eriods, so disconcerting with sodium light) 
are used as the coarse units ; and as these are 
suitable for use with a micrometer, the 
hundredth part of such a unit is readily 
measurable. Thus the one-eight-millionth of 
an inch, or the one - three - thousandth of a 
millimetre, is the fine unit. A platinum- 
iridium tripod carries a glass plate (not a lens) 
to furnish one of the surfaces (that resting on 
the tops of the three tripod-forming screws) 
reflecting the interfering light, the crystal 
upper surface itself, or the surface of an 
aluminium or black glass disc carried by it 
furnishing the other. (Aluminium is especially 
suitable, as by its large expansion a stout disc 
nearly compensates for the expansion of the but 
slightly expanding j)latinum-iridium screws.) 

An adaptation of the same principle, and 
part of tire same optical apparatus, to the 
determination of the elastic bending of a plate 
or bar of the crystal is also used in the writer’s 
olasmomoter, which confers the same accuracy 
on the determination of the modulus of 
elasticity of crystals. As in order to complete 
the elastic constants of a crj^stal torsion 
determinations are also required, a torsion- 
motor has also now been constructed and 
installed in the author’s laboratory, for the 
application of this same refined interferometric 
method to the much more difficult task of 
determining the modulus of torsion of crystals. 


Moreover, this new instrument is an interfero- 
meter of general application : for it possesses 
all the essential features of the interference 
comparator for standards of length, con- 
structed under the writer’s supervision for 
the Standards Department of the Board of 
Trade, and will enable the determination to 
be carried out of any very minute movement 
or short distance in general, such, for instance, 
as the very small piezo-electrical movements of 
crystals which are so much in need of further 
study. A very large field of -wonderfully 
steady black interference bands on the 
coloured ground of the monochromatic light 
employed is afforded, and one of the reflecting 
surfaces producing the interference is actually 
carried by the observing travelling microscope, 
the lateral movement of which over a V-and 
plane bed is effected by an extremely fine 
screw, and so steadily that the interference 
bands traverse the field parallel to the pair 
of vertical spider-lines without the slightest 
flicker, and can be held at any position for 
any length of time at the will of the observer. 

Full details of aU these instruments for 
crystallographic research (and for much more 
general physical purposes at the same time) 
will be found in the writer’s Crystallogra^hij 
and Practical Crystal Meastirement (Macmillan 
& Co.), vol. i. of the 2nd (1922) edition of which 
deals with crystal morphology, and vol. ii. 
with the physical properties of crystals. 

In conclusion it may be emphasised that 
in all these refined measurements it has been 
fully confirmed that the internal structural 
symmetry of crystals, which is so beautifully 
exhibited in their exterior form, rules also abso- 
lutely over even the minutest details of their 
physical properties. For this reason the study 
of crystals should appeal more and more in 
the future to physicists, and a knowledge of 
Crystallography has now become one of the 
most valuable aids to original investigation in 
Physics. A. E. H. T. 

Ceystals, Optical Properties of. See “ Crys- 
tallography,” § (21). 

Physical Properties of : thermal, electric, 
magnetic, and elastic. See ibid. § (22). 
Relation between morphological and optical 
properties. See “ Polarised Light and its 
Applications,” §§ (7) (iv.) and (16). 

The Seven Systems of. See “ Crystallo- 
graphy,” § (7). 

CtTEVATURE OF PlELD OF AN OPTICAL InSTEU- 
MENT. One of the five third-order aberra- 
tions of a lens. See “Lens, Theory of 
Simple,” § (11) ; also “ Telescope,” § (3). 

Cut Glass, Prepaeation of. See “ Glass,” 
§ (36). 

CZUDN-OCHOAVSKI, VON, PHOTOMETER. See 
“ Photometry and Illumination,” § (108). 
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Damping Error op Gyro Compass. See 
“Navigation and Navigational Instru- 
ments,” § (15). 

DAYLtaiiT Attachment for loEtTMiNATtON 
Photometers. See “Photometry and Il- 
lumination,” § (76). 

DAYLiariT Factor. See “ Photometry and 
Illumination,” § (76). 

Daylioht Illumination. See “ Photometry 
and Illumination,” § (74) ei seqq. 

Dear Reokoning : method of determining a 
ship’s i>osition. See “ Navigation and Navi- 
gational Instruments,” § (8). 

Debye and Soherrer’s method of X-ray 
analysis, in which the crystal is pulverised 
and the powder compressed into a rod, 
placed in the axis of a cylindriaal photo- 
graphic film and subjected to “ inono- 
chromatio ” X-i’ays. Characteristio inter- 
foronoo curves are shown on development of 
the film. Soo “ Crystallography,” § (17). 

Decomposition o.ii’ Glass, caused by chemical 
ro-agents. Soo “ Glass, Chemical De- 
composition of,” § (2). 

Density of Glass. See “ Glass,” § (22). 

Detail Surveying, general methods. See 
“ Surveying and Surveying Instruments,” 

§ (lb). 

Deviation op Compass, method of correction. 
See “ Navigation and Navigational Instru- 
ments,” § (12), 

Devitripioation : destruction of the vitreous 
oharaotor of glass, by partial or complete 
©.rystallisatiou, generally of silicates. See 
“ Glass,” § (20) ; also “ Glass, Chemical 
Decomposition of,” § (1). 

Diaphragm Test, Bishop Harman’s, a popular 
form of photometer used in the British 
Army. Soo “ Ophthalmic Optical Appar- 
atus,” § (3), 

Dipfraotion : the term used to denote the 
departures from the law of linear propaga- 
tion which occur when light waves pass 
an obstacle of any character. For the 
ofToota of diffraction in the production of 
grating spectra soo “ Diffraction Gratings, 
Theory of,” §§ (2) and (4). 

Dipfraotion : effect on theory of telescopes. 
See “ Telescope,” § (7). 

Dipfraotion: effect of, in vision. See “Eye,” 
§ (2.3). 

Dipfraotion Grating, theory and use of, in 
wave-length measurements. See “ Wave- 
lengths, The Measurement of,” § (2). 


DIFFRACTION GRATINGS, THE MANU- 
FACTURE AND TESTING OF 

Introduction. — The ideal grating consists 
of a large number of grooves or “ lines ” on 
an optical surface. The grooves should all 
be exactly alike ; and if the surface is plane, 
they must also be exactly straight, parallel, 
and equidistant. If the surface is spherical 
the grooves, as projected on the tangent plane 
to the sphere at the centre of the grating, 
should be straight, parallel, and equidistant. 

It is needless to say that the ideal grating 
has never been realised, and never will be. 
The best existing gratings do, however, 
approach it very nearly — the degree of 
approximation being about the same as that 
of a good telescope or microscope objective to 
the ideal objective. 

It is the purpose of the present article to 
give an account of the manufacture of gratings, 
which will include — 

I. A brief description of the ruling machine 
(Rowland’s) with a description of the process 
of mailing those parts of the machine which 
are of essential importance, and numerical 
estimates of the accuracy required in each. 

II. An account of the method of testing the 
performance of the machine after it has been 
assembled, and a brief account of the method 
of testing a grating. 

I. The Ruling Machine 

§(1) General Description op Rowland’s 
Ruling Machine. ^ — The mainframe (36) {Fig. 
1) supports two sets of ways, at right angles 
to each other. The plate carriage (11) moves 
on one of these, the ruling or diamond carriage 
(6) on the other. The feed screw (12) rests in 
bearings supported by the main frame and is 
prevented from moving longitudinally by the 
thriLst screw (14). As the feed screw is rotated 
by turning the spewing wheel (23) the mil (15) 
moves toward the latter, and by means of the 
thrust collar (20) its motion is communicated 
to the plate carriage. The ruling carriage 
ways consist of two pairs symmetrically 
placed, one pair on each side of the plate 
carriage, as may be seen from Fig. 1. The 
ruling carriage is moved backwards and 
forwards by means of a crank on the main 
drive shaft (48a), the connecting rod (49), and 
the cross head (52). The main drive shaft is 
rotated uniformly by means of a belt passing 
over the wheel (48), the source of power being 

^ The numbers in parenthesis refer to the parts as 
shown in Figs . 1 and 2. (These figures arc repro- 
duced by permission of the Johns Hopkins Press, 
Baltimore, U.S.A.) 
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elastic, and consequently deformed by fric- 
tional forces, accuracy in the results demands 
that these forces and deformations remain 
constant within rather narrow limits throughout 
the entire process of ruling. This is the real 
difficulty in the manufacture of optical 
gratings, in comparison with which all others 
may bo regarded as trivial. 

Let us now enumerate the parts which we 
have spoken of as essential, beginning with 
those which, in general, present the greatest 
practical difficulties : 

i. The ruling carriage with its driving 
connections. 

ii. The connecting mechanism .between the 
mrt and plate carriage. 

iii. The bearings and pivots of the feed 
screw. 

iv. The thrust bearing for the feed screw. 

V. The feed screw and its nut. 

vi. The spacing wheel. 

vii. The straight-edge guide for the wings of 
the nut. 

Perhaps the reader will be surprised to find 
the feed screw placed fifth in this enumeration. 
Thoi’o appears to be a general impression that 
the mamifaoture of a perfect screw is difficult, 
and that if it could be accomplished, the 
construction of very accurate measuring or 
ruling machines would be a simple matter. 
Nothing could bo further from the truth. In 
fact, Professor Rowland himself clearly states 
that screws made by the process outlined by 
him,^ on being tested failed to show an 5 ’' 
error as largo as 1/100,000 inch, but that 
errors duo to the mounting would certainly 
be encountered. The writer has made several 
screws by a process essentially the same as 
that described by Rowland, and has tested 
them by modern methods fully 10 times as 
sensitive as those employed by him, without 
ever discovering the slightest indication of 
any error. Errors due to the mounting are, 
however, less easy to avoid, and hence these 
have boon placed 2nd, 3rd, and 4th in the 
enumeration. 

The spacing wheel and straight-edge guide 
are placed last, because the error in the grating 
sj)ao6 produced by errors in these parts is 
only from 1/600 to 1/1000 of the error in the 
parts themselves, and hence nothing beyond 
ordinary mechanical accuracy is required. 

The ruling carriage is properly placed first, 
and would, indeed, have been in a class entirely 
by itself except for a device found on Professor 
Rowland’s machines which will be described 
more fully below. It is remarkable that 
Rowland never mentioned the ruling carriage 
in any of his writings ; for its construction 
is suoh that even he must- have had to give 
it considerable thought. 

Professor Rowland did not deem it necessary 
* Encyelopcedia Britannica, article “ Screw.” 


to avoid entirely the periodic errors intro- 
duced by faulty mounting, but took care of 
these by an elaborate correcting mechanism 
worldng through the straight - edge guide. 
The writer had so much trouble with tliis 
correcting mechanism that he decided to do 
away with it altogether, preferring to eliminate 
the errors due to the mounting by careful 
attention to the items 2, 3, and 4 in the 
enumeration above. The advantage of this 
method is that when the machine is once in 
good adjustment it is hkely to remain so at 
least for some years. 

We will now discuss briefly the construction 
of the essential parts, remembering that 
periodic errors of spacing which in a half 
cycle add up to a quantity as large as 
1/1,500,000 inch must be avoided, and that 
errors not periodic in nature must be kept 
correspondingly small. 

§ (2) Construction of the Feed Screw. — 
A grade of well-annealed tool steel employed 
by manufacturers of taps and dies is used for 
the screw, and, if possible, also for the nut. 
The cutting is best done on a lathe having 
two tool rests ^ so that two tools, one on each 
side and 180° apart, may be used in cutting 
the threads. Tliis automatically removes the 
greater part of the error in the head of the 
lathe. Let us suppose that the finished 
thread which is to be of the V-type is to have 
an angle of 52°. Three pairs of tools (“ goose- 
neck ” or spring type) should be prepared, 
the angles being 45°, 52°, and 60°. Cut to 
full depth of the finished thread with the 45° 
tools ; then, use the 60° tools, cutting until 
the tops of the threads are sharp ; finish with 
the 52° tools.® This being done, the pivots 
are turned to size, the taper to receive the 
spacing wheel is cut, and the screw is ready 
for grinding. It is a waste of time to take 
any elaborate precautions against introducing 
errors due to the lead-screw or gears of the 
lathe. A lathe is not, and never can be, a 
high precision machine. 

Three nuts should be prepared, using for the 
purpose steel tubing whose finislied internal 
diameter is about f-inch larger than the out- 
side diameter of the screw. One of the nuts 
should have a length equal to J the length of 
the screw ; another should be very short, say 
an inch, or two at most. The third nut 
should be just twice as long as the nut which 
is finally to be used on the screw ; in fact, 
the latter is to be one of the halves into which 
the third nut is finally cut. The longer nut 
will be spoken of as the grinding nut, the very 
short one simply as the short nut, while the 
third one is usually designated the testing nut. 
Each is split in two by a longitudinal cut 

® This device is due to Mr. L. E. Jewell, formerly 
of the Johns Hopkins University. 

“ This is the method employed by Mr. C. Jacomini 
of the Mount Wilson Observatory. 
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Llu'i Hiu-i'w ia atraight. An easy calculation ( 
ahovva that this method will readily detect t 
a eurvatvire of the axis having a radius of i 
300 milc'H. If, however, the steel used in s 
making tlui screw is of good quality and well i 
annealc'd, and if the work of machining has ’ 
IxM'ti (lone in suc'.h a way that no strains have < 
hi'cn iui.rodueecl, no curvature of this amount 
will be f{)und. It is interesting to bear in 
mind that the screw mounted in this way 
saga down in the middle under its own weight, 

HO tluit the actual radius of curvature is any- 
wlu're from 2 to 10 or 20 miles ; but as the 
Hcnnv is rotated, this radius always points 
upwarda, so that it does not affect the inter- 
f('rencci rings. A cdoar mental picture of this 
tmunut lu'lp hut bo of immense value to any 
(m{^ who lias to deal with apparatus where 
gri'at aciuiraey ia a consideration. 

Uy r^^p{Ulting the interforomotor test with 
iiue of the mita rotated 90° or 180° relative 
to the otluu’, the o’i)erator may satisfy himself 
itt it'gard to tlve ahseuco of any i)oriodic error ; 
by separating the two nuts a considerable 
diHtam’i>, and ro 7 )eating the test, errors of 
r»m may Ixh inveatigafced. For this it is, of 
eourae, ni'cu'aaary to watch the interference 
rings while tlie mita are moved a distance of 
aevc'ral iuchcH, if the kiat is to bo sufficiently 
wmaitivt'. No errora of any kind will ho 
fouml e.Ktaqit vtuy close 'to the ends of the 
Hcrevv. 'I'lu^ operator will, however, discover 
that it ia no oaay matter to put two woll- 
litting uuta on a screw without introducing 
anything between the threads except oil. 
If‘tht' (it ia iHu-fect (nothing but oil between 
them) [imasure apj)Iio(l to any part of either 
nut will displace the intorforonco rings, but 
on nnnoving the i>r('SHuro they will return 
exactly t.o their original position. If a particle 
t){ fomigti matter Jiaa boon introduced tliis 
will not Ih^ the ciaati. 

It aheuld be noted that a screw made as 
(Icacribcid above will not nccossai’ily have 
“ jKwfcel. thn'ads ” as defined by the spocilica- 
tiottH of our national laboratories 

during the late war. Those specifications 
wttm intended to apply to ])arbs which are to 
Ihi ititenihangiHihle. The screw and nut 
described above form a unit ; another nut, 
for cxartnile, <!annt)t ho used with tlio screw, 
without llrat bi'ing ground to a fit with all due 
can*. 

I (4) An.nrHTtN() tuk PtvoT.s ov the I'eed 
Hohew. One of the nvits is removed, and the 
oth(*r is moved near one end of the screw, 
hut not HO tdoso as to engage the imperfect 
jwrt of I.Ik* thread. One interferometer 
plates is mounted on thia nut so that the normal 
to i(M surface* ia vertk'-ul aud fairly accuiately 
at right angles f;o tlie axis of the screw. The 
other interferometer plate is supported from 
the framt' and mounted above the first plate. 


On rotating the screw it will be found that 
the lower plate describes a small circle with 
its axis parallel to that of the screw. This 
shows that the lathe did not turn the pivot 
in such a way that its axis coincides exactly 
with that of the screw. The pivot must then be 
corrected locally, and be kept truly cylindrical 
by grinding in its own bearing, until the circle 
is quite small, say, until its diameter is of 
the order of 1/100,000 inch. It is not advisable 
to carry the correction further at this stage, 
for the other pivot is probably contributing 
something to the apparent error. The nub 
is moved near the other end, and that pivot 
is treated the same way, only that the cor- 
X’ection is carried somewhat further, perhaps 
to 1/250,000 inch. Then, return to the first 
pivot, and so on until no error can be detected. 
The pivots are finally polished with rouge, and. 
again tested as described, above. 

Three part bearings should be used with the 
screw pivots, making certain of contact at three 
I points of each pivot, these points being 120° 
apart. The projxer design and constructioix : 
of such bearings jiresent no serious difficulty. 

§ (5) The Thrust Bearing. — One end of ' 
the screw, outside the pivot, is provided Avitli j 
a taper bearing for the spacing wheel. In tiro 1 
other end four holes are drilled and tapped f oi'j 
receiving the screws used to fasten the mountingji 
of the thrust plate. It is advisable to finislV, 
this end of the screw optically flat, the surf ac ae 
being at right angles to the axis within abouiU 
one or two seconds of arc. Various materia,l»S 
for the thrust plate have been tried, but norie 
have been found as satisfactory as the reco'^» 
structed ruby, especially tliose of FreTKSsh 
make. A cylinder of this material -fV in.-oli 
to I inch long, and from J to f inch in diame'tea?, 
is finished oiitically flat and highly polish, 0 dl, 
at least on ono face. No error as large as 
of a light wave should be allowed. The ruoy 
is rigidly secured in a steel mounting, which, la 
fastened to the end of the feed screw by fouit 
well-made screws as indicated above. The 
surface of the mounting in contact with the 
flat end of the food screw must be worked until; 
when the two arc in contact, the face of the 
ruby is also normal to the axis of the sorevi 
within one or two seconds of arc. 

All of this requires some patience hut is noi 
especially difficxilt to accomplish. Suital>l( 
optical tests are, of course, needed to ensun 
the required accuracy in alignment, and thl, 
) is ono reason why the face of the ruby mms 
, be so flat. If it is not flat to of a waves 
; length, the diffraction disc observed at th 
’ focus of the lens or mirror used in the toe 
1 will not bo truly circular, thus making i 
r difficult to ohser *''0 a motion of tV of it 
j diameter when the screw is rotated. 

L The end of the thrust screw (14) is a hare) 
oned steel spherical surface, highly poliahec 
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as the screw rotates the nut describes a 
vertical circle of small radius, and in addition 
it moves very slowly in a direction at right 
angles to the ways of the plate carriage. 
The little circle is described once in each 
revolution of the screw, during which time the 
carriage moves forward, say 1000 times, 
1/20,000 inch at a time. Suppose the diameter 
of the circle to be 1/200,000 inch, or its circum- 
ference, roughly, to be 1/60,000 inch. Assum- 
ing all the parts to be perfectly rigid, the lugs 
on the end of the nut, during each forward 
motion of the carriage, would slide along the 
plane surfaces on the ring a distance of 1/lOOOth 
of 1/60,000 inch or 1/60,000,000 of an inch. 
In the actual case, where the parts are not 
rigid but elastic, nothing like this can happen 
on account of the friction between the lugs and 
the plates. What really happens is probably 
this ; no actual slip takes place until, owing to 
the relative displacements of the parts, the 
stress becomes sufficient to overcome the 
friction, when a comparatively large slip 
occurs, perhaps even “ overshooting the 
mark.” Remembering now that, during the 
normal operation of the machine, the screw 
is compressed a certain amount, and the nut, 
ring, and the parts of the plate carriage 
are all deformed as a result of the “ forces 
of friction,” and that the successful performance 
of the machine depends upon these deformations 
remaining constant to a high degree of accuracy, 
one can readily see what a catastrophe may 
easily result from the action just described. 

The question naturally arises : “ How 

accurately would the adjustments have to 
be made to ensure that no slippage whatever 
would occur during a revolution of the screw ? ” 
This the writer is unable to answer. A mal- 
adjustment to such an extent that a shppage 
would necessarily occur in each cycle would 
no doubt make matters much worse. 

§ (7) The Ruling Caeeiaqe. — ^Let us con- 
sider the task the ruling carriage has to per- 
form in ruling say a 5-inch grating, having 
grooves 4 inches long. If the spacing is 20,000 
per inch, it must move back and forth 100,000 
times, or a distance of some 13 miles of actual 
travel, involving 200,000 stops and starts. It 
must move in one and the same straight hne, 
deviating from this not more than 1/1,000,000 
of an inch if the result is to be satisfactory. 
Moreover, the power that moves the carriage 
is derived from a main shaft which is called 
on to deliver power intermittently to several 
other parts at the same tune. 

Obviously, the friction coefficient must be 
made as small as possible, and the force required 
to start the carriage from rest should not 
differ greatly from that required to keep it 
in motion. Probably these conditions can 
not be satisfied with V^type ways. A better 
form of way is one having a flat top, with 


sides making an angle of 80° or more with the 
top. The weight of the carriage is thus 
mainly supported by the flat top ; one of the 
sides serves to define the path of the carriage, • 
and a spring acting on the opposite side 
ensures contact. The constant motion of the 
carriage causes an appreciable wear of the way 
surfaces. Measured in units of 1/1000 inch 
this wear is exceedingly slow ; but it is 
relatively rapid when measured in the unit 
which concerns us here, namely, 1/1,000,000 
inch. The wear of the top surfaces is of little 
or no consequence, as it merely displaces the 
carriage in a vertical direction, but that of 
the sides which define the path is of great 
importance. During the ruling of a single 
grating the sides change enough* to make a 
considerable difference in the position and 
curvature of the first and last grooves. As the 
stroke is different for gratings of different size, 
one readily sees that after a year’s work the 
defining sides of the ways will no longer bo 
straight, but in reality quite irregular curves. 

In spite of these changes in the ways, and tho 
wear of the bearing blocks of the carriage, 
Rowland’s machines still rule grooves which aro 
quite as perfect as those ruled at first when, 
the ways were really straight. This result is 
due to following the device mentioned in § (1). 

It will be recalled that the ruling carriage 
moves on two pairs of ways symmetrically 
placed, one pair on each side of the plate 
carriage, or we might describe it by saying 
that there is but one pair of ways with a. 
section some 10 inches or more in lengtlx 
removed from the middle, in order to allow 
space for the plate carriage, its ways, and tho 
screw (see Fig. 1 (37)). Let us call tho 
pair farthest from the main shaft the froiiti 
pair, the other the rear pair. The defininff 
sides of the front pair are on the left, those of 
the rear pair being on the right side, and t7i& 
ruling point is at the centroid of the four contact 
points. Hence if the two pairs of ways aro 
straight initially, and the amount of wear is 
the same for both, the ruhng point will always 
describe the same straight line. The wear 
will be the same provided the ways are mad.© 
from the same material, and the pressur© 
produced by the two sets of springs is tHo 
same. 

The crank on the main shaft moves th.© 
cross-head (62), and a connection between 
this and the ruling carriage communicates 
the motion to the latter. The crosa-hettcl 
ways can, of course, never be made parallel 
to those of the ruling carriage, and henoo 
this connection presents difficulties of tlx© 
same nature as those discussed in § (6). jA. 
well-made universal coupling is employed and 
does fairly well, but it must be confessocl 
that no entirely satisfactory solution has yob 
been found. 
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terms of the unit defined above be A (where in 
general A<1). Then our error is 


b= 


aA 


aA 


4 sin (27rj3/N) 4 sin (ttS/N)’ 


U) 


S being the “ order.” 

As a numerical example, let us take A = 
which under ordinary conditions is fairly easy 
to observe. If a= 1/15,000 inch, S = N/2, 
we have 5=1/60,000x1/25=1/1,500,000 inch 
as the maximum periodie displacement of the 
plate away from the position it should have 
during ruling. 

We may also compute the value of the 
maximum and minimum grating space in 
such a ruling. Referring to formula (5) and 
taking N=750, we have 


Max. spacing= 1/15,000 + 1/190,000,000 in. 
Min. 8pacing= 1/15,000 -1/190,000,000 in. 


A variation of the spacing as large as this, 
if it were not periodic, would, of course, destroy 
the value of the grating as an optical instru- 
ment. (This should be home in mind in 
connection with the discussion in § (6).) 

It is weU known that the effect of a simple 
penodrc error is to produce ghosts of bright 
lines ^ in a spectrum. If the error is not too 
huge and is simply periodic in character, there 
win. be two ghosts of each line, symmetrically 
I^a<^ with respect to it, at a distance which 
warm inver^ly with N. It is a simple matter 
to calculate the intensity of such ghosts when 
5 known, provided it is small compared 
to ffl. The dffldvation of the formula is, how- 
jror, rather knglhy,® and therefore only the 
rtsdf wffl be given here. Taking the 
of tlje spectrum line as unitv, the 
the ghost is given by 
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M teing tte order of the spectrum observed. 

a® fa the example given above. 
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monly spoken of as showing an “ error of ritn,’* 
The law of spacing is 


Xn — na + 7iH, . . . (9) 

where 2c is the constant difference between. 


any grating space and the preceding one. 
The equation of the cross-ruling band of ordoc 
2p is 

y = mpa + 2mcp(n + j)) ; . ; (10) 


a straight line whose slope is 2mcp. 

In order that the test for this type of errot 
shall be sensitive, it is necessary to take p 
quite large, and also to rule quite a wride space* 
so that the length of the bond may be grenh 
enough to allow an accurate determination, ot 
its slope. 

As a numerical example, let us consider ft 
ruled space 4 inches wide, 15,000 grooves pelf 
inch, and let the plate be displaced 4 inohes 
between the first and second rulings. Let 
and 1/2 be the distances from the x axis to 
the beginning and ending of the band of otdft# 
2p. We have 

2/2-2/i = 2racjD(«2-%). . . (11) 


In this case p = 2 x 10^ ; Wg - «i = 6 x 10^ j W 
may be taken as 7 x 10^. Suppose j/a "" 2/i “ A 
inch, which should be measurable. We havo 


c= 1-6 X 10-^® inch. 


The departure of the last groove from ito 
ideal position on a 4-ineh grating having tllii 
error is 'n,^c=5-8 x 10"® inches, or about ^ 
of a light wave. 

The two illustrations just given will suilioi 
to show that in cross-ruling we have a powerfu 
method for studying the performance of Hli 
machine. Other cases might be discussed 
such as variation in spacing along the lengtil 
of the grooves and curvature of the groovei 
but the reader will have no difficulty in seeinj 
how these cases are investigated. 

(iv.) Accidental Errors and Diffused 
Accidental errors are due to two prinoipa 
causes : 

(a) That discussed in § (6). 

(5) Slight errors in the motion of the rulln, 
carriage, and those due to faulty adjustmem 
of the diamond-holder (2, 3). 

If (a) alone is present, the oross-rulln 
pattern will appear somewhat like a in Fig, £ 
The band is clean and narrow but shows 
large number of breaks, indicating tlifti 
superposed upon the regular, even displao* 
meuts of the carriage, there are sudden shlffa 
which occasionally may amount to as muc 
as .jijr of a grating space, but usually tw 
very much smaller than this. If {b) alone 
present, the pattern is very much as shown i 
6, Fig. 3. The pattern is not clean, but ma 
be best described by saying it is “ haii^r.” 3 
general, both causes are present, so that a 
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'i'h** jnt*’<(i3ily "f a»ir|j slHfnw-!*! ti. |irs«j*i»f 

fmn<tl t*i lh«’ “smihi#?!;’ »»l tjj«' »»r»lr*r, fs® »« Ihn *■■«»**< 
wifh If thn >fts’ri’ |«’rl»’«'Uy 

j-,(n«I<*in in fanul aur. thu snlrnmfy 

««f lli«’ •liffnww! S»>;J*5 !«■! liy » 

|ir.»lt:slnl8l V rn»vr mdrrMl Sh»’ 

linr- n# unr.alunn linf si |«-rfr«'fl<k r4n«l>-in 
s.f la |H-st (l-a rrtr« 4.0 rt 

jwnfrsity ninf«»f»n In-iis-*’ •en»'- 

n*-i,rr liipla si. In |.;r‘n»''rrtL !it»'rp|s»r»% Ifiif 

ml«ns®»{y s« *4 iMsstittin 

i«i»4 imninsrt, fs«|ttr<s8tly <«|«|»r..ir Itkr 

rt *4 |jn*vn tiso a|w-2'8t-4l lni»' 

rtJpl Ifa Ikal tllpfal. 

In rt a|w^■|r^s«l ««» Ihrtl *4 

tSjr> Btin, tlw* rlfw l >4 nr* tilt'ljlat r-frsntii >a 
«lninni»li» Sis*'* S«|.rt>'liSi«'».3 tuf !h« <*l»i»*nj«U>‘n 
llsr’ nsrtV «j»j»r#r llrtfk »» llsr* f..»r-.r 

• Itilima, l«ilS til Ih*' lliifsl ft fimStSts »»»4e’r'a lljr 

H Ifrurj-ali^' %■«%' Mnls^-W III*’ 

|3 itt'f! |r«»sn -ass* ii mtfutm. 

N an‘.lf»rr tiinl »4 *lwfnar«i 48«r 

t*< rt %rT%' »lill«5r«»l * ««»»’ 't1lt» isi 
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r.r-t»ir«l Sst»-.i 4 }i-- sjjK, tls««n 4 fSs II t* tsifrly i*f 
lls*t srtSMr* inlrnaSly rir-rv «h«*'lr. It }a astitj4%' 
l«i fr*is»i If* fa^rm 

i4 ths’ gtiru%r-s lirfft if lljr-w Irrrgfsi 

iirir- absliribiitwl «l rawi’ain 

lltr* Hrirtsltl !«■> !»lr«ii|lgri'.®S tl»r» rr;Jtlta| 

!«8i*| «»rtsl4 *iann»i»li in 

»j(l«jsilv «,« ttp llso Itigh •rf«|«Tr% , 

in tr.nlily jt j# ««r Ir-** 

tsaiwlly In ||»11 Hfl l|#«r* 

«|MT.rtr4 

II l|riil}n.4 i® rwt«l, «*•» Siwp 

|.n»M*%ra *|«» nul |»Mss-tj llsia |rs»»tl»l*' 

li«* tii’«44p«l !•¥ <« Ittiirs rafin ill Iftr. r-h*4«'» 
*r»*4 «i»l|n!sS»«rf»l «.f llip rtsllss:^ Kns-ls 

«isr>rn l|it« |»4wls*«l mwtm'v »4 It*** 

|»|«{*» ta rst4 rpsjst.i&'fwl |*j fttltlljl, #f*s 

lilsrlli' hi tilrjf* M »4 

Snl«i lltr rffitlrtil Jliwg-if, *tjs| f**jr tliis* fr-mmitt 

tliry ^r**- ii«l t|r«ir«l*!**. In grfir.rtjl, list* 


♦’♦“Ulrnl »•* 4Siy *4 ••r*iria >4 a|it«-»li 4 

■ will nlrssllfisl al»*l I I'raniia, If IIjh 

graSinif N |»*'rfw4 «•»,«'»< j4 f*«f iwnsislitt 
ilip •««*§■» «i»H Iwt Its!*’, I•«ll »»nri fun %-«« i|jt« 

* gh«»alB, j*n4 l»i' fursi.tsiii n»jf sIm-sj sntr-nasly in 
Irsfniss «4 Itiiiil >4 lln< Ituf' fiw’li *»f»r r.m 
It by iwran# <4 f«»rMs»il(S |Ht In llinsn 

tttll Iwt A mimlwr-r *4 t<i e* 

fin»rt’ jiritr-fal Isss* *4 s»jsisr(n|J, %«#, 

. »*« s ’i*»t 

#„ »n 9 #«, %i» ^ 8 #», s,Mj . |}y| 

«lnsi» ntiikit® si i»r* r »»# y isf »»VrtUj<tt*5 f«j, 
«nt.i»r<slr.|y r 

If llsPtP i® n Uiiir!** rir«r •»! ||tP 

lit*’ }?»a|Est»f; »»ll I*' si f»i>S»yr» 
f-ylinsipf «<ft »4 Sl*f« iiir* 

•'vIsipI*'*' <i«ts ll>in t4l(«n' ss<8r 'I'tlP 

Ir-*! t»tlt Itsf tlsisii *4 mi ®nris»*m, 4inl 

lU»» i»«n«»n«l *4 4»aS8|ffW4lt»m *■•«« I**-. »Mp.4*Mrr*l 

it; SltP Mtilrr* •»! »|«p«ls.» 'I'ltn 

trJrtlij*!* I»r4i»rrts tlsn sHl8<»HI4l iff ttoitl 

ill «»!%' ».fe{r:r rtspf litf i'sllsis’ *4 »' j»s 

f:i>rninlt« |l»» *» fn.t slirtsrnll t». lir-rHr, Insi »||| 
W f»snlllii»sl Iirfr tl S»« ifciny lltsil •ills 

4 4 jtw'lt grtst»M:.:i ll»|a ttiil r»Mlt 

elrttw-il a i.f »■ r.«sn-4l l«* *'* «tt* It , It i» 

ihfrris!*** lti« ttsiwl }i»r 

lisSis ly-j^ 9»f r}*»»t 

If ll»t< ft «s|««sf6|f i> »»»»l lintsrtf, s<ftr. 

f-nH I4s«9'k «s«ji *!i j’l lIsp ^ 

s»%rf ll IMuy i*t iSBifp Id* 

tis«» Mfasf |»4 lifif'rtr. |ly 

Isiaflit/lia net llir |f»s»|ij8|* Iss ll»»« »»8i«t 

8sf li«r. »j»ar U|g (Pff^st’K *•#1* Iw- 

I# llsr- gr«n>!rr» lit** »u«l «Sf<si3,*l»t i«nl 

tin* ifnfit tl»« mif^l 

aufim'gi it «!»« Its llsi* r«,jsr, 

Inssirt-nr, lilts «*l4|jgtt4li»s« s^rtlsst 

h* nftlrr ill 4 fr#4»* 4l|,*| i|»ir 

l»* Sii ; lliss t««» r4»t ltsr#rl«8t»’ 

l*rt 

If i|»p rntuimv ssis i|»r« giaiirtif t* ftilMl 

i<t tt!»t |»ff*«4|y |»l«#trs. Iml »l|gl»|Jy «i* 

i# ««**!%■ 

«»=5*4r«lw| l|»*» |»*«i H»rnii»snri|, b-f si 
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is in the same direction on both sides of the 
normal, which is not so when the error is in 
the ruling. (In the preceding discussion it 
has been tacitly assumed that the angle of 
incidence is zero, merely for 
simplicity. When the angle 
of ineidence is different from 
zero, the different cases are 
affected somewhat differently, 
making it stiU easier to separ- 
ate the causes of error.) 

If the Foucault test is satis- 
factory, and periodic errors 
have been determined and 
found sufficiently small, the 
grating is satisfactory, pro- 
vided it is also reasonably free 
from diffused Light. The de- 
termination of the amount of 
diffused light, and also of the 
brightness of the different 
orders of spectra, do not 
require any comment. 

§ (11) The Selection and 
Adjustment op the Ruling 
Diamond. — Natural crystal edges, free from 
little breaks or other imperfections, are used 
in ruling gratings. Small white diamonds, 
each weighing about ^,5- carat, are securely 
mounted, each in the end of a short steel 
rod ^ inch in diameter. The diamond- 



FiG. 4. 


the machine and mounted under a microseope, 
where the preliminary adjustments are actually 
made, after which it is replaced in the proper 
position on the machine. The correct pressure 
of the diamond on the plate 
must be found by trial for each, 
ruling edge, and is regulated 
by a counterweight. 

The ideal groove is V-shaped, 
and the actual groove ap- 
proaches this fqi’m very closely 
if the adjustments are good. 
It remains to determine the 
angle of the groove, to give 
it the right width, and to 
orientate it properly for tb-O 
kind of ruling desired. 

Let a single groove be ruled 
on, a well -pobshed plate. Sup - 
pose the normals to the sides 
of the groove make the angles 
A and B with the normal to 
the surface. If light be in- 
cident normally on the surface, 
the light diffracted by the 
groove will show two maxima, viz. in the 
directions making angles 2A and 2B with 
the incident beam. The diagram. Fig. 4r, 
which represents a section normal both to 
the surface and to the groove, will male© 
this clear. PR and QR are the sides of 



Buwland’s Ruling Machine. 


Miinaa rntahons about three mutually 
axes in order that a given edge 
eiy«W may be brought into contact 
md may also be adjusted 
parawl to the tnlng rmriage ways. 

dtaBoasd-heddar can be removed from 


the groove ; OiDj and OaD^ are the diroG- 
tions in which the maxima of the diffracted 
light will be found. Since PR and QR are 
very narrow, having in general a width of 
from 1^ to 2|- wave-lengths of light, the 
angular width of the diffracted beams will 
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Ih* ilili', jllui, ill tin* ilitUlf*. 

%vj1I Ih’ r thiUi l*sFi I* i *. h*>wr\«-i, 

jiiiitstliir tu ihl'i 

wxllli, that ! I. th«’ rtiunihu' w'ji.nralis'U *•! ti«' 

lif'it »titli4tti>in iumiina 

suul t<< a(J>l tllK ‘h'ISr, tlln 

i'Q kiiio^tu. It Iw itr-arly 

nsi (Miuriihlt* ih«' »bun»' si-i ih«’ },tni{»ss5 

sunl may iw tn (iun Vithi** S<y vary ms? 

tlit* wrj|?tst MU th*’ ilwin**n«h If u»ttrt’ than 
JMrtXllHrt lit*' fuHliil, I Jlr'yr«»**Vf« j»f lhr*aim|*h’ 
V-tyjM', ati<l r<h*ni{4 isi ti*4 !«’ 

An %t H lit'tHfrthh’ t«» hs»V«"> JiaftMtlhn' 

«}»*rtr'*uu ft's (*rii 4 ht a# ih*’ 

uhs'Utif Iw’ tiStrs! until fhu *4 

f.»r fiitlti sH {hat 't'h*’ 

• hrt’aiu**! *if lljlt. Mill in Kmt’tal l»«’ tlmil t'l 

.»utiu hi|,th*’r Mr«|»-r «<n fh«» Mifie^r 

hut It »'!«nni>i tf«« «'..jtlr»41r4i iiuli'inuph’ntly 

!»V lhr> |?f!»tSnK BlJar**. Tll»' 

l.uvrr 'tiH'i-lrum ttliirlt its hrij^ht «t 

itnith’ *4 m> 'ttill ah** I** hughl f*<r 

vahu’tij'f lh»3 jjl ttilliin rw'WtMahh* 

linui -s. 

'I'lilrt to far ft«<m hiif 

it Us h»>jKi-«! this! rn»«llfjh haa Iw's’ll (S 4 *l«l t«* 
tlitii tilt’ jin4iiss!? *4 a Bluish!*' rnlmj? ij 

iinl <1 >4 cljsm*'# : j 

t)iFruAtiit»~\ TiiKtitir 

t, US' ti85iliTlri*i^ 

||lj t «» rKHH»'r'i»iijU' , A 

in rlir« I, of -4 n»sn»l*»u >4 jiitt.illir'! 
r«|*lisl»'sl4'Uil isIlE.a tn an »*jsi»«jur. m tm» ’I'Im' ®ltta 
jirir’ Mauailr n«rr>«si «»»»! s-r-ry 

hut t« »i'4 int'atlishlv thr «■«*»>, If a imrul!*'! 
>4 »•!» »sr«l 8 an aryanjfr 

*■! tl j«!»aiar..if 8hs'>»Mgl« ihr alii* U hits’ 

*i»ffs«s |g al»sj«j«-4 h?; I|p-- )«j»a«|Ur tt til*’ 

tr4tt®nsltlrsl li.4;!»l is t*t>»Wi4iil. <»« 4 i»y s* 

»>r « ussss'fa It is: ll*#> 

sirt« j»i6t»lM!r«l ill * r llsilfi tiisrs l»<»ns» 
Hurli ssir »|!rt*-.»Hy slrw rilwnl ®«*tw«hsiS 

V!H|Hr|% innltir tlir- «-<fSj»jiitipisr«.siv*> tillfs 

I hitra* " I'fjvaii s»!H lltisrp 

t |»fm-r»»r« rs»i»lr4i*ttl««r%' *<» 
ll«r. #•! Ilsr |sl«rnsu«p»«'4 s«t*»r*'»‘sl - 

I brass ; 

fs9S ihffsm'h>m ity Slir Iwslltislual *||li* *«f lh» 

MSjl llisUH, In r*tlr.i-l, ilile* A 
wris'a j 4 «|»nlaf iiijisi **.wtrr« PtniStWis^ llillsl 

• sfpr * «-«<8»»i«lr.rxi!t|«s fufigr- »■! assj^lr s«ft rHhrir 

bisIp *4 llw> fhtr* 14<»« «4 'I'lif* es^iS'P- 

Irlu ffs.frt tlsr-sp s.sSifiiT* 

tlMjifiVPr, 'SKjllt slrlisiltp liisa.w frl*S4*.fl*tsi|B!» i 
till* l!ip n^.tl 1,1^ 

/»5lr»Jr.rs'fts-,r la-lWrs'M llss* frsslli 

slllfrStUit *!|t*, fr*uil(* Sm tWif rs»s»i|4rlFH 

ssfip r(*s.pj»l in rprlmtn 

»lirp» Ihsiw, 

’ .Hep S'llt. *%*,sW 3 j«* 


n i /itififO n-tj: h% Ihr .Ija Hiif.- >4 iitc 

lui; s>%;ilt-gu, ’rills m> i linit.* hnaiftlt !>• ifw 
hiu'i, jiiiil mfi.'diisi i it. 'niH i '■! 
t«<i-n||«i4» V lo'lwsiSi tlu'in, 

1 t"< SSlil j4l« u*’»i« il S • I'S' 

ijl.'ii'tSlHtUaf «'«i m tlu" IlSi.il (*"5((!t I hil l Ml' ilx 

sji.f nhirlli*- Itti\ (Itllla* lr>l hs.'lil t«' 'ustj usi,’ 

jir«<*‘i-nsi tu! miTjil in thxK*' »hs»'» 
imiU'sl l<y j»r>»i’r !!'» if'l. yh-»r>»»,» I It »!) 
h* llu’ Iraulttinl •>! Ihr's*' IW*' 

Ulith-r tli*’ hunl *4 t'-lisl aprttijSP 

wt In tlip «luurn--ii«'n'» x| tin*- Mhas-funM sn'*it*'8«», 

i»hii-|i intrmlus's-s til*’ Intllss’f mxtlifn 4lt»*H'9 tin** 
h* |r| ' \\ *• rit«ni4 I|(«'l'e4«4r »ltfs.sj<rlrtl«’ 

th«' ri*iiti»!«nli<s\ in 'I lita 

|ji 88 »|«ta 11 , 9 , Isi slr' 4 thr •>! lb*’ 

i«* |»»t «ill ih«' «>i>« “uf 

iHrttf«’Hii»th‘!*l null »»l 3>ni-»*. ..sn*l -afn’r 
tl»«un , s-htasis ln«ii! • 

this’ll »*’ n»av «'nt8i»» I '.ill !h«' wfxti*N» 

‘t‘hia lsi llip sis«'Sli'**l !••!!<>» «-4 in tls*’ 

I »!»•»»! ■■> xf flw 'iuhjs'i J at«’ 

fxlliu! Uilh jn ihr IM4|s-f»tV 

iff !«’%! . I»s«.ka. W b»5»’ i't |?Srist isl 

p. ««»>!« a insitilahiy 

laila t*« t'ffjnrV I** *|p' uluslrul «n% S liraf 

ntf tin-. 4--,»*S<fHa r»'»Mltla ll»P 

a«*l S.»tijsll Iw’ *■«!* 

lUrtsiif-r', *l>« ii»»'lM'4!|y haifjit'M tn *fr4rr Is* 

ItfSlh’rat.sHMl J|sr»i'. it ia ^Irajrtship h» sjMlI*’ 

in ns«««i llin l.tssr'paas-is |‘S«, 

tkwi f‘■■| 'I1»ja l|r..U*l«-4al«ttl» Is jf.lHi? iHlIllIrsI 
in til!’ MBPsi hy 

Hitiilmll sUpI auhw.ijiir-ntU nrsl l*y 

•.sn>l ttlhrta J«i liita Ifr alMsrnt 

j.r»*iT!M 1 * 0 , «»hi"b Iiirtrlv tils’ lii.?!»l 

Si* llir. liiTf'pa.aiir'i' •Iitr» 58:.'4 i3, |« sIsm- irttral IrfMI 
lilts e«i!iw.«|«»r Jit ajM’ilsMSM i-fS itsatl'i-n 

«li4lv»i=t, rj, '.slH “IsSslilw Iht* 

rllfslf* »>i itf» sawl M I s*ls«l is, in * >'»ss;< »|Uri9s 
IliSairaelinj; «* *»• tl*P **»i^nn 'i>! w.« '>I«il4#y 

a|«r-«’lyss 4»»«l «>f t!«s’ fsniirisr-is.'s *.f fs-sa-ls inij 

jSssWlrt 'Ti»*s ti8»'ils>'«l j»'‘4 e«a.r <»n4 

nrlUFilhrlrfi^, sMul ts»slin t' |«-4«-,yrS5> r, Will |i»« 
IMrtsip l«» il }<»lrr . hul ilw’ % ati-nt-i |ns«jB-s;! ir-9 
f’i a|«r.j.-tf -.1 »si! Iff’ »;l»-4M»r»! IIS tlsr* 

hi a 41 Is 

h>f|ewl WiitI lltS’if xtigiw « 

|t>««*|s|s; tn ris>i !i >4 Ifir 

|ers«raar« . 

I |?s lilFril iss * lists* t. t '»«** ».. 4 « 

Ar»s»'is si»: ,%isl»xM||ts li«*‘ ai«sln»if l>»r 

<*«y t4 It**’ llsTfry »•! 

* til «n'f 5Jnr.'c O’ iswof'tr. Il’r- < .|«>r Hi lb,} I*-.!*' ii f'|w l» 

Wtsnsll* *4 auifi’f W S»l «|:»S*SS<1K l<. 8«»|H’ .jII ?!»«-. 

JtsfSal *S«- ■<'1' Sh S‘9' »' t5' p 

SItf. *>} Ifcp AS»>t Hs ,<fc8i|s?i*t flrtfi arJl'.ic 

llff- .*i|’*rslsstr- *4 5tsr 3yBOjti». il Isj af»| > aw !l*.y I* If 
eyN’l’*- i» »»i awfiattej <st«»li»yT. S«» I'liiSs'i' «>l 
• Iwst SSwl ftwisUfs--’! S*. Sis iiifW Ifey 

H l» Sl6« «» Isw! Sabl'8^ jfcIsISreiSsf a 

*.8».« tx-ssslla .s4 j,f >!» r-as t t'*'f »S»!|*5|.- ii|! ¥tz, 

*at»n*8sn lit »|Mt II*»S fh.e m$»(krr 4tn' 

Ilia'. Ijstsllifsl iilyje art |||*! -•! •,’! tlirf. » .|W' 

Is Isy *i#»l4j|S 44s» |'»st.i!iSlc,S o. 

lise «iiiA, 
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diffraction is outside the scope of this article. 
We must simply quote the result in the case 
of a rectangular aperture, as developed in any 
of the standard text-books.^ Let A, Fig. 1 [a), 
he a point source of light situated at an 
infinite distance from a screen, B, in which 
there is a rectangular ax^erture s, -with sides 
parallel and perpendicular to the plane of the 
paper. The light which pass^ through s does 
not pass straight on in the direction s A', but 
spreads out in the space to the right of B, 
and would produce illumination over an area, 
more or less extensive, of a screen C. In 
what follows we need only concern ourselves 
with diffraction in the plane of the paper. It 
is also convenient in this case to substitute a 
line source, perpendicular to the paper, instead 
of a point source. Let the width of the 
aperture in the plane of the paper be a, then 
the light' is spread out in this plane to an 
extent depending on a, the intensity in a 


are disjolaced from the xroint half-way between 
the minima, being slightly nearer the central 
band. Their actual position corresponds to 
tan {( 7 ra/X) sin B} = {wajX) sin 9 instead of to 
tan {{iraj\) sin d} =(x . This follows at once 
from differentiation of expression (1). These 
values do not, hoAvever, differ greatly, and to 
a close approximation it is convenient to take 
the central maxima as occurring half-way 
between the minima, i.e. at the points when 
(ira/X) sin 0 = -H l)7r/2,2 beginning with p-1. 
The ordinates at these points are given by 


4I„ 


_1. 

{2p + ir 


{(2p + lKW2)}^ 

where is the intensity at the centre of the 
central band. From this we find that the 
approximate maximum intensity in the first 
lateral band is l/22'3 that of the central band ; 
of the second 1/62 ; of the third 1/121, etc. 
The true values will be shghtly greater than 







direction making an angle 0 with s A' being 
proportional to the quantity 

9 sin^ {(•va/X) sin 6} 

“ {(va/X) sin e}* 


( 1 ) 


where \ is the wave-length of the light. 

In the direction s A' 6—0, and the limit- 
ing value of the expression is a^. When 
(•ra/X) sin 6 =pir, p having the values 1, 2, 3, 

. . . etc., the intensity is zero, while it has 
maximam values at intermediate angles. If 
the light is received in a telescope focussed on 
infinity, so that all rays having the same value 
of 6 are brought to the same focus, a series 
of bands will be seen corresponding to these 
alternate maxima and minima. 

It is obvious from the form of expression (1) 
that the intensity curve of the lateral maxima 
is simply a sine squared cuirve of which the 
ordinates are divided by a quantity propor- 
tional to the square of dktance from the 
central band (measured in terms of sin 6). The 
proportional variation of this quantity is steep 
at first, with the result that the maximum 
ordinate of the maxima near the central band 


this, and can be calculated if required from tho 
more accurate positions. The intensity curve 
is shown in Pig. 1 (b). 

The positions of the lateral maxima depend 
on the wave-length, so if the light employed 
is not monochromatic, the bands correspond- 
ing to different colours will be in different 
positions. These bands were termed by 
Fraimhofer “ Spectra of the First Class.'’ 

If the width a of the aperture is very small 
the width of the central band, which extends 
to 0=± sin"^ (X/a), will be quite largo. lu 
fact if a is comparable with \ the central 
band will extend very nearly over the whole 
angular space on either side of the incident 
beam. Such a fine slit therefore acts ]3rao- 
tically as a line source of light as far as direo- 


* Preston,!ZT^e Theory of Light, chapter ix. ; 
see also Light, Diffraction of.” 


“ The actual departures from this may be calcu- 
lated easily by giving crajk sin 0 its approximate 
value corresponding to the middle of the band, anc* 
using this to obtain a closer value from a table ol 
tangents. Thus for the first hand tra/A sin 0 is Ir 
the immediate neighbourhood of 3W2 = 4-7 ; tlu 
true value will be very nearly tan'^ 4-7=3!r/2— 12“ 
Similarly the second maxima occurs at 5!r/2— 7“ 
and the third at 7t/2-5°. Since the Avidth of i 
band corresponds to 360°, the first maximum li 
displaced by 1/30 of the width of a band, the .seconc 
by 1/51, and the third by 1/72. As the order o 
the bands increases the distortion quickly bccomei 
negligible. 
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of our subject is to consider the grating alone 
as supplying a spectrum consisting of infinitely 
thin lines at infinity, and then to consider the 
effect of examining these in an optical system 
of aperture determined by the size of the 
actual grating, or of the telescope, whichever 
is least. 

IE A is the effective aperture measured per- 
pendicular to the axis of the telescope, the 
image of a true line of light consists (§ (2)) of 
a series of diffraction bands, the intensity and 
location of which are given by the formula 
_ ^ ^ sin^ {(ttA/X) sin <p} 

{(7rA/X)sin<^j2 ’ 

where (f> is measured from the position of the 
geometrical image. The points of zero illum- 
ination occur when (vA/X) sin <p=^>ir, where 
p = l, 2, 3, . . . etc. 

The angular semi- width of the central band 
and the width, of the lateral bands in its 
vicinity is X/A. 

Each spectrum line is therefore represented 
by a diffraction band of width 2X/A flanked 
by a series of fainter bands of half this width. 
The maximum intensity in the pth band is 
Io(4/7r2) . l/f2p-|-l)® where is the maximum 
intensity in the central band. These -are the 
so-called secondary maxima. We see that 
they are in no way uniquely connected with 
gratings. The same type of central image with 
the same maxima in attendance is obtained 
with a prism spectroscope, or, for that matter, 
with the direct image of the slit, provided the 
same aperture be used. The only properties 
of secondary maxima pecuhar to gratings 
become manifest when the number of gratiirg 
elements is small, and are due to the over- 
lapping of the secondary maxima associated 
with the primaries of different orders. 

A primary occurs, as we saw in the last 
paragraph, whenever the phase difference be- 
tween disturbances from corresponding points 
of adjacent grating elements has the value 
zero. A secondary minimum occurs whenever 
the phase difference between opposite edges 
of the aperture has the value zero, that is to 
say, whem the phase difference between the 
first and ktst of the effective grating elements 
is zero. ; Clearly, therefore, if there are n ele- 
ments, a primary of any order will coincide 
wiih the wth secondary miniTrmm associated 
with the primary of the next order, and vice 
versa. 

There are therefore {n - 1) minima between 
the two primaries, and consequently (n — 2) 
secondary maxima. With ordinary gratings 
the separation of the orders is so large com- 
pared wiih the distance between the second- 
aries that those associated with one primary 
are quite oufeide the influence of those asso- 
ciated witfi the next. The intensity of the 
secondaries diminishes so rapidly with p that 


the great hulk of the space between the spectra 
is quite dark. In fact the aperture has to be 
made quite small or a very high magnification 
has to be used to see any secondary maxima at 
aU. If the total number of grating elements 
is small, however, the primaries of successive 
orders may only be separated by a few second- 
ary maxima, and those associated with the 
different primaries will reinforce each other. 

If we remember that there are (n— 2) maxima 
between each primary, and that the latter occupy 
the width of two of the former, it is easy to see that 
the pth secondary maximum associated with tho 
primary of the mth order coincides with tho 
{w-l-p)th, (2«.- l-25)tli, (3w-l— p)tli . . . etc, 
secondaries of the (TO-l-l)th, (m+2)th, (m-l-3)th 
. . . etc. orders, and with the (n-l-^)th, [2n+p)\,\i, 
(.3m-|-p)th . . . etc. secondaries of the (m— l)th, 
(m-2)th, (ot— 3)th . . . etc. order's. 

The total intensity of this secondary is therefore 

4lo/ 1 , ^ 1 1 

7r2 I (2p -h 1)® (2p - 2n -I- 1 )2 (2p - 4a -I- 1)2 

1 1 

■^(2i)- 6a •4-1)2'*' • • • ■*'(2p-|-2a-l-l)2 




1 


2p-t-4a -1-1)2 (2p-i-6a-M)2 


■f 


}• 


( 3 ) 


From this we can evaluate tho intensities of tho 
secondary maxima. As would ho expected, oxcoiib 
when a is very small, all but the first term in tliQ 
bracket is negligible for secondaries in the neighbour- 
hood of the rath primary, and all but tho second 
term for those near the (•?a-l-l)th, and so on. Even 
for a=4 it is only necessary to consider the effoob 
of the two adjacent orders on either side of tlio 
order in question. 

The most intense secondary is the one nearest tho 
primary. Its maximum intensity relative to that 
of the primary is about 1/lG for 4 elements, 1/21 for 
8, 1/22 for an infinite number of elements. Thus 
there is little difference between the relative intensities 
of the strongest secondary whether a grating has an 
infinite number of elements or only a few. This is 
sometimes regarded as a surprising result, but when 
we realise that the secondary maxima are merely 
the ordinary diffraction bands duo to the aperture 
of the system, we see why they are unaffected by tho 
nature of the grating, except when the sucoessivo 
orders of spectra are so close that tho relatively 
strong secondaries associated with tho different 
images overlap. Moreover, this is a pure super- 
position effect ; if we place a number of equidistant 
slits at the end of a collimator and adjust the aperture 
of an observing telescope to such a value that the 
angular width, X/A, of the diffraction bands bordering 
each image is exactly Ijgih. of the angular separation 
of the images, we obtain precisely the appearance of 
several orders of spectra produced by a grating of 
q elements, with the appropriate secondary maxima 
between, without the presence of any grating 
whatever. 

Expression (3) is symmetrical for values oE p on 
either side of p = (')i— l)/2, which represents the pointi 
half-way between the primaries ; the reason of this 
symmetry is obvious from what has gone before. 
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§(5) Veotob Method. — Expression (3), ob- 
tained by adding the effects of the superposed 
diffraetion. bands which border the primaries 
of different orders, represents by its structure 
the actual method of formation of the second- 
ary maxima. It is not so convenient for 
calculation purposes as that which is directly 
obtained, by the vector method, in which the 
net result of interference and diffraction by 
the aperture is deduced in one process. We 
shall briefly outUne this method, which is of 
groat utility in many of its applications. Let 
there be n elements in the grating, and let the 
amplitude of the disturbance from each element 
be Ic. Let the phase difference between the 
disturbances from corresponding points of 
adjacent elements be 8\. It is convenient to 
express this in angular measure <j>, where 
(;6 = (27r/X)5X. The araphtude of the resultant 
disturbance is represented by the gap between 
the extremities of the first and last sides of a 
vector polygon composed of n sides of length 
(on some suitable scale), each inclined to the 
ono preceding it by the angle <j). Since the 
sides and angles are equal, the polygon lies on 
a circle, of radius such that k is the chord of 
0. Tho size of the circle varies Avith but 
at any stage the gap between tho free ends of 
tho first and last sides is 

, chord n<p 
^ chord 0 ’ 

which is the amplitude of the resultant dis- 
turbance. The intensity is proportional to the 
square of tho amplitude and is therefore 


cliord^ rp 


sin® {ncpl2) 
sin® (</>/2) ’ 


Avhoro 3B is a constant. 

In those directions for which cp is zero, i.e.. 
when the phase step between adjacent elements 
of tho grating is an integral number of wave- 
lengths, tho value of this is which is 

tho intensity at tho centre of tho principal 
maxima. Denoting this by Ig we see that the 
intensity in intermediate directions is 


This is 

... 71 


T-T sin® (n(j>l2) 

° sin® (</>/2)‘ 

zero when n<p =pTr, where p = 


. (4) 
1, 2, 3, 


- 1 . 


The (n-2) secondary maxima occur be- 
tween these minima, where n<p = {2p + l)Trj2, 
their intensities being given by 


of the spectrum, and is termed tho dispersion. 
By differentiation of equation (2), 

dQ __ m sin 6 - sin i 

d\ A cos 6~ \ cos 0 ’ " • ( ) 

from which we see that for a given angle of 
incidence the dispersion in the neighbourhood 
of wave-length X depends simply on the 
direction, 6, in which the spectrum is 
formed. It is independent of the properties 
of the grating, a large or small grating space 
A being compensated by the higher or lower 
order of the spectrum formed in the direction 
required. 

It is not the dispersion which is of greatest 
importance in determining the utihty of a 
spectroscope, but the resolving power, that is 
the power of producing two distinguishable 
images for two monochromatic radiations of 
slightly different wave-lengths. This power 
is usually measured by the ratio R=X/5X, 
where 5X is tho smallest difference which can 
be resolved at wave-length X. 

We saw in § (3) that tho grating alone, in the 
absence of diffraction at the bounding aperture, 
would give infinitely fine lines. Its resolving 
power would therefore bo infinite, since, how- 
ever close two fines might be, they would still 
be perfectly distinct. Plowever, the fines can 
never be observed except as diffraction bands, 
and if two of these are too close together they 
Avill merge into a single, maximum of illumina- 
tion and Avill not be seen as separate 
bands. Following Lord Rayleigh (7), it is 
always conventionally assumed in calculating 
the resolving power of oj)tical instruments that 
two diffraction images will be resolved when 
the centre of one falls on the first minimum 
of tho other, as shown in Fig. 3. The angular 


I 



n® sin® (2p -I- l)7r/2n' ‘ 

The secondary maxima were termed by 
Fraunliofer “ Spectra of the Third Class.” 

§ (0) Dispersion and Resolution. — The 
rate at which 6, in equation (2), varies with 
wave-length is a measure of the spreading out 


value of pq is 8d, =X/A, A being the effective 
aperture. The difference in wave-length com- 
prised in this angle is 


8\ = S0 


d\ 

do 


X A cos 0 
A ’ m ' 


(From 6.) 
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L, the total length of the grating which is 
utilised, is equal to A/cos 6, 


Whence 

=mw. . . • ( 7 ) 

Thus the resolving power is equal to the pro- 
duct of the total number of grating elements 
and the order of the spectrum ; but while 
this is a convenient form in which to remember 
the result, the apparent dependence on n is 
illusory. In any given direction A/m is con- 
stant, and R depends simply on the total 
length, or, more strictly, on A. It is only 
when varying the number of elements while 
keeping the grating space constant that altering 
n alters the resolving power, since in this case 
an increase in n involves an increase in L and 
vice versa, but for a given available aperture 
the resolving power does not depend on how 
many or how few grating elements we intro- 
duce. 

It facilitates the understanding of spectroscopic 
resolution if we always separate, as in the above 
treatment, the two factors on which it depends. 
There is first the resolving power in angle, which is 
purely a function of the aperture of the observing 
system, the minimum angle for resolution being A/A 
(assuming a rectangular aperture). The difference 
in wave-length corresponding to this angle depends 
on the dispersion of the spectrum, whether produced 
by interfearenoe or prismatic refraction. The usual 
methods of deducing resolving power tend to conceal 
that its finiteness is purely a question of aperture, 
and lead the student to suppose that each type of 
spectroscope is a law uuto itself in the mattm of 
resolving power, which appears to depend on numbers 
of mlings, or length of prism base, etc., whereas these 
axe merely quantitiea which happen to be conveni- 
ently related to the aperture of the system fox 
formula purposes. 

Reverting to the special case of gratings, suppose 
V is thewave-leingth in the wth order which ooinoides 
with X in the {m -1- l)th order ; X' — X is the range of 
wave-length in the wth order which lies between the 
wth and (w+l)th orders of X. 

wX'=(m-t-l)X, 



The min imum resolvable difference, 5X, is X/wn, 
from which we sec Hiat a gratmg will resolve n 
difference of wave-length l/uth of the range of 
wave-length comprised within the width of an order. 

lu pra,ctioe it is im;^s8ibl6 to obtain a line 
source of light of infinitesimal width. A 
narrow slit at the focus of a collimating lens 
is usually employed: The spectral “lines” 
are in reality images of this sht and have 
therefore a finite widfli apart from the broad- 
ening due to diffraction. Such lines have to 
be further apart in order to be resolved. The 


ratio of the resolving power actually obtained 
vdth a given slit width to the theoretical 
resolving power mn is termed the P^^,rity of 
the spectrum. 

§ (7) OVEELAPPING Spectea. — Since the 
number of elements is without effect on the 
dispersion in a given direction, the resolving 
power in a given direction, the width of the 
spectral lines, or, provided there are more than 
about a dozen elements, the relative intensities 
of the secondary maxima, it may not be 
obvious what advantage accrues from using a 
large number. There are several advantages. 
We saw earlier that in order to have light in 
oblique directions the width of each elementary 
slit must be small. If we only had a few of 
such slits the grating would be practically an 
opaque screen. For the sake of brightness, 
therefore, it is desirable to put as many slits 
into the available space as possible. 

There is another important consideration, 
however, due to the overlapping of spectra of 
different orders. From the grating law the 
mth order spectrum of wave-length X is formed 
in a direction such that 

A (sin 6 - sin i) = m\. 

In general, therefore, if wave- 

length Xg in the spectrum of mMi order will 
coincide ■with X^ in the m^bh. order. Thus the 
blue end of the second order spectrum (X = 0-4;^) 
■will overlap the red end (X=0-8;n) of the first 
order. Overlapping becomes lorogressivoly 
more serious in higher orders. If Xi and X* 
are the extreme wave-lengths at either end of 
the spectrum to which the receiving apjjar- 
atus (eye, photographic plate, or whatever it 
may be) is sensitive, a wave-length X in the 
mth order will be overlapped by Xj in tlie 
m^th order and Xj in the m^t\\ order, where 
= All orders between and 

m^ ■will clearly be represented at the same 
place by wave-lengths between Xj and Xg, so 
that all orders from to inclusive, i.e. 

- m^ -t- 1 orders, overlap at this point. 

Since 

m2-mi-t-l = ^jX2-Xi)-|-l, . (8) 

we see the importance of keeping m as small 
as possible if we wish to avoid confusion with, 
polychromatic spectra. To reduce the order 
of the spectrum found in a given direction 'we 
must reduce the gratmg space A, that is, wo 
must increase the number of elements in a 
given length of grating. Thus, although the 
resol^ving power does not depend on n, w© 
obtain it in spectra of lower order, and thereby 
minimise the difficulties of overlapping, if w© 
make n large. 

§ (8) Disteibetion oe Light in Spectra : 
Epeeots op Geoove Foem. — In what has 
1 gone before, we have assumed for convenience 
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not usually coincide ■with this in the case of a 
ruled grating. Not only so, but the spectra 
on opposite sides of the central image may be 
mainly due to light of the first class systems 
diffracted by the different sides of the groove, 
and are ready due to different grating elements 
altogether, although the grating space is the 
same for both sets. With this brief notice the 
subject of absent spectra must be left. The 
reader desirous of further information must 
consult the references (2 and 3) in which the 
simple case of a grating consisting of trans- 
parent shts in an opaque screen, used at 
normal incidence, is treated at length. 

II. Types op GRATnsta 

§ (10) Plane Grating. — This, the simplest 
type of optical grating, is usually produced by 
ruling parallel lines on optically flat surfaces 
by means of an accurate dividing engine.^ 

Two forms require mention, namely traiis- 
mission gratings, in which the rulings are on 
glass or other transparent material, and reflec- 
tion gratings, in which the rulings are on 
brightly polished metal. Transmission grat- 
ings are much more difficult to rule than 

•acting gratings because of the hardness of 
oflass and the liability to change of form, 
complete breakdoivn, of the ruhng point. 

jflecting gratings are almost 
for accurate work. On the 
ocner nanu, small transmission gratings, suit- 
able for the use of students, can be made very 
cheaply by taking a cast in celluloid of a good 
grating and mounting this on a glass plate. 
Such film replicas are sometimes of excellent 
quality. Photographic processes have also 
been used with some success. For accurate 
work, however, it is necessary to use a machine- 
ruled grating, as slight unevermess in shrinkage 
of the films on drying renders replicas of little 
use for research purposes. 

A description of the various methods in 
which such gratings may be used is given in 
another article,® and need not be described 
here. 

§ (11) Concave Grating. — Rowland dis- 
covered that if the grating were ruled on a 
concave spherical surface instead of a plane it 
produced focussed images without the use of 
a lens. This is not due to any new property 
acquired by the rulings but simply to the 
image-forming properties of a concave mirror 
superposed on the ordinary grating action. 

The mirror causes a beam of light, diverging 
from the slit, to converge towards a real image 
in accordance with the ordinary laws of reflec- 
tion. The effect of the grating is to deviate 
the rays of the convergent beam into a series 

^ See article on “ Diffraction Gratings, The Manu- 
facture and Testing of.” 

• “ Wave-lengths, Measurement of.” 


of lateral spectra on either side of the geo- 
metrical image in accordance ■with the prin-* 
ciples we have already discussed. It simplifies - 
the conception of the concave grating if this 
is kept quite clearly in mind ; the grating 
action is responsible for the presence of liglxfc 
in the directions given by the grating la.w, 
but the curvature of the wave front whioli 
produces the focussed images in these direc- 
tions is due to the focal properties of tlio 
mirror. 

Except for objects on the axis, a concavo 
mirror produces astigmatic images. A poinfi 
source so situated that the light is incidoiih 
obliquely on the mirror gives rise to two foonl 
lines respectively perpendicular and parallel^ ho 
the plane of incidence. If instead of a poinh 
source we have a slit perpendicular to tJio 
plane of incidence, an image of the slit, dravvil 
out in the direction of its length, but not 
broadened, will be formed at the first of thoHC 
focal lines. It is this astigmatic image witll 
which we are concerned, since it is the nearonh 
approach to an “image ” of a slit which tlio 
mirror will give. If S, Fig. 4, is the slth 





situated at a distance u from a concave mirror 
of radius r, the image is formed in a direction 
equally inclined to the normal and at a dis- 
tance V in accordance "with the ordinary law 
for obhque reflection by such mirrors, viz. 


Wherever the object may be situated, an. 
image wiU be formed in the position given by 
this law. The quality of the image is not, 
however, equally good for aU positions of S. 
Like all optical instruments a mirror suffers 
from spherical aberration. In tho case of a 
spherical surface this aberration is least, being 
practically absent, if the object and image are 
equally distant from the mirror. In this case 
u=v=r cos i, that is, the object (and also the 
image) is situated on the circumference of a 
circle with PC, the radius of the mirror, as 
diameter. We may term this the focal circle ; 
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scopie, vol. i. A defect of Rowland’s mounting 
is that it takes up very considerahle space. 
An arrangement in which the plane of the 
apparatus is vertical, so that all except the 
slit and camera are contained in a pit beneath 
the floor, has been described by A. S. ICing (20). 
Eagle (21) has described a most useful mount- 
ing for a concave grating in which the centre 
of the plate coincides (virtually) with the slit. 
Full detaOs and a critical comparison of its 
advantages and disadvantages as compared 
with Rowland’s mounting are contained in 
the paper. Its two main advantages are that 
higher orders can be used and that the astig- 
matism of the spectrum is very much less. 
The outstanding defect of concave gratings is 
the astigmatism of the images, particularly in 
the higher orders, for although this does not 
affect the sharpness of the definition the bright- 
ness is greatly impaired, which is a serious 
matter in photographing faint spectra. With 
Eagle’s mounting much shorter exposures are 
req^uired than with Rowland’s arrangement. 

§ (12) The Eckelette. — For work in the 
infra-red region R. W. Wood (10) constructed 
gratings of wide spacing, A = -0123 mm. These 
were ruled on a gilt copper plate, using the 
120° angle of a carborundum crystal. In the 
majority of cases this was mounted to cut 
grooves one face of which made an angle of 
about 20° with the original surface. With 
normal incidence these facets give a concen- 
tration of light with the centre at 40° from 
the normal. With visible light such gratings 
throw the energy into a small group of 
spectra near the 15th order on one aide of the 
normal. They show no central image nor 
any spectra to the other side. According to 
Wood,^ “ The gratings behave, with infra-red 
radiation of wave-length above, say, 3/x, as 
almost ideally perfect gratings ; that is, they 
give spectra similar to what we should have 
with an ordinary grating which threw prac- 
tically all of the light into one or two orders 
on one side of the central image.” For this 
wave-lengtii, 3p, the brightest spectrum will 
be of the ^d or 3rd order. The useful spectra 
for wave-lengths in this neighbourhood are 
ttoi thecetore of high order ; so that the re- 


i^is ho acfoal loss, however, because the 
width of the radiometric re- 
ceSvto makes it impossible to utilise such high 
iwhmg powem as in the visible and photo- 
P^iahie regions df the spectrum. 

has termed these gratings “ EcJiel- 
became,, m their relatively large phase- 
about for visible light, they lie 
ordinmy grating and the Echelon, 
WiWh we are now about to describe. 

Tbk StSEBLON.^ — This instrument, 
fessor Michelson (29), 
, IMl, p. 229, 







is as unlike the traditional grating a* 

It consists of a number of glaag 
precisely the same thickness and 
to a high degree, arranged hke a flight %4 
or in echelon, whence the name. Tl»» 
of the steps is made as accurately 
possible. If the light is incident ' 

the broadest plate. Fig. 6, soma of il #**#4 
from each of the 
steps which act as 
rectangular aper- 
tures -and diffract 
the light over a 
very small angle. 

The light emerg- 
ing from any step 
has traversed one 
plate more or le.ss 
than from the 
next, so there is 
a constant phase- 
step depending on 
the thickness and 
refractive index of 
the plates. Let 
a e and c e' be rays diffracted in a 
from the outer edges of two adjat‘rttS 
Let c / and 6 p be perpendicular f 
The difference in optical path is *4 

difference between 6 c in glass anti m / i* '4 
Let i! be the thickness and |3 the 
step, then 

a f= gf— g a=t cos 5-/3 sin 6 -s I " 

since 0 is necessarily very small. 

Thus the phase-step is ; 

A spectrum line of the wth order will 
be formed when 

Since 6 is very small m is apprw 
(p. - l)t/X. For a plate of thiokni'sw 't 
{p- 1) iis about 20,000 wave-length* f«* 
light, and the order of the spectrum I* 



iria. «. 



The dispersion, 
dd 




hi 

'W 


where 




and is purely a property of the glass. Ifc* 
aperture is n/3 where n is the M 
plates. The minimum angle resolvable b* 
\lnB. 
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Tlie minimum wave-length difference resolvable is 
np ' dd~nbl 

Hence the resolving power, R, 


A nht 


( 11 ) 


But 


1 )-, 


... 

(/A-i) 

Thus the effect of the dispersion of the glass is to 
increase tlio resolving* power (since dfi/dX is -ve) 
from that given by the ordinary grating formula 
ll=mn. In the case of a particular echelon described 
by Baly,^ in the neighbourhood of the sodium 
line, was 0-574G, while (i-l — '\{djj,ld\) was 0-6165. 


For an echelon of 20 plates 2 om. thick, the 
resolving power is a little over 400,000 for 
visible light. Such a grating would therefore 
resolve lines differing in wave-length by only 
one four-hundredth of the difference of the 
sodium lines. 

This large resolving power, obtained with 
a relatively small aperture, ^ may appear to 
contradict the conclusion of §§ (G) and (7), that 
the resolving power for a given aperture was 
independent of the grating space. We were 
there concerned with ordinary gratings in 
' which the phase retardation between adjacent 
elements depends simply on the obliquity of 
the light. 


We must not confuse tho width of the echelon 
step with tho grating space of an ordinary grating. 
Tlio width of tlio step corresponds to the width of 
otie of the elementary apertures of tho grating and 
determines the distribution of light in the field in 
accordance with § (2), but tho analogue in the case 
of tho echelon to the grating spaco of the ordinary 
grating is the separation of the apertures paraUd 
to the langlh of the echelon, whicli introduces tho 
enormous pliasc-step {{j,- l)t (approx.) between rays 
from corresponding points of tho different apertures. 
This results in a dispersion very much greater than 
anything obtainable with an ordinary grating, so 
that for a given total aperture, and therefore given 
resolving power in angle, tho spectral resolution is 
greatly increased. An ordinary grating of 20,000 
lines per inch would require to be ten inches long 
to give the same spectral resolution in the second 
order as we obtain with an oclielon of under an 
inch. 

Tho difficulties of ruling such a gro.ting are very 
considerable, and very few of this length have been 
produced at tho present time, whereas tho echelon 
we have mentioned is by no moans an extreme case. 

The angular field within which all the 
phenomena are compressed is the angular 
width of the central diffraction band from a 
single aperture. This is 2 sin~^ (X/jS) =2A/^. 


The angular separation of successive orders 
will be given by ddjdm since m is large. 


From (10) 


^^X 
dm p' 


Thus the distance between two orders is half 
the width of the total region in which light 
is available. There rvill thus in general be 
two orders visible, of different intensities unless 
they happen to be symmetrical with respect 
to the centre of the diffraction maximum. By 
slightly altering the angle of incidence one of 
the orders may be brought to the centre, 
when it will be of maximum brightness ; the 
spectra of adjacent order on either side then 
coincide with the diffraction minima, and are 
invisible or faint. These two positions are 
termed positions of single or double order. 

Though not more than two orders of one 
wave-length are in the field at once, if another 
wave-length is present this vdll appear in some 
other order. The mth order of wave-length X 
will coincide with the {m + p)th order of wave- 
length Xml{m±p), where p is any integer 1, 
2, 3, . . ., etc. Since m is large, a very slight 
range of wave-length indeed will give rise to 
so many overlapping spectra of different orders 
that complete confusion -will occur. With the 
sodium lines, for instance, if is in the 
20,000th order Dg ™ 20,020th. 

The lines may overlap or lie between one 
another, or, in fact, have any relative 
position whatever, depending on the exact 
thickness of the plate and the exact angle of 
incidence. 

Thus very homogeneous radiation must be 
employed or the appearances presented are 
unintelligible. In practice, therefore, the light 
is always analysed by means of an auxiliary 
spectroscope, usually a prismatic instrument, 
though sometimes a grating is employed, and 
only that radiation is allowed to enter the 
echelon which it is desired to examine. 

Another drawback to the instrument is this. 
The closest doublet which a grating will 
resolve is, as we saw in § (6), separated by 1/uth 
of the separation of adjacent orders. Since 
the useful field is the space between two orders 
we can only examine a range of wave-length 
of about n times the resolvable minimum. 
Since, in the case of the echelon, n is so small, 
this limitation is serious. It is clearly advan- 
tageous for a given resolving power to use a 
large number of thin pla,te8 rather than a 
smaller number of thick ones. However, owing 
to practical difficulties of construction and to 
loss of light by reflection at interfaces, it is 
not feasible to use a very large number of 
plates. There is little gain in going beyond 
30, while most echelons have under 20.® 


^ “ Spectroscopy,” chapter vi. 

“ p Ls usually about 1 mm., so np is 2 cm. in the 
case we arc discussing. 


“ Messrs. Adam Hilger, as the result of improved 
methods of construction, have rocontiy put echelons 
of fifty-six plates on the market. 
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Since a broadened line, or the components of a 
multiple line may extend over the whole width of 
the first class maximum, the apparent brightness will 
be misleading. Correction must be made for the 
distribution of intensity within the field. The 
formula of § (2) reduces in this case to 


1 = 1 , 


sin^ (ir/3/\)(9 


0 J 


where Iq is the intensity at the centre of the diffraction 
band. An experimental investigation of the agree- 
ment of practical results with this formula has been 
made by Burger and van Cittert (Ref. 33), who also 
pointed out that owing to that side of a spectral 
maximum which is further from the centre of the 
field being more weakened than the other, the position 
of the maximum is appreciably displaced towards 
the centre of the field. They found errors amounting 
in some cases to 0-5 per cent of the width of an order. 
This displacement appears to have been generally 
overlooked by users of the instrument. It is ana- 
logous to the displacement of the secondary maxima 
on account of their rapidly diminishing intensity, to 
which attention was called in § (2). 

When all its difficulties have been taken 
into account, however, the Echelon remains a 
beautiful and powerful weapon of physical 
research. It is easy to use, requiring little 
adjustment, and as the pioneer among spectro- 
scopes of extreme resolving power, has been 
responsible for the opening up of important 
fields of investigation previously inaccessible. 
The actual use of the instrument is dealt with 
in another article. ^ 

§(14) Djsfective Gratings. — We have 
hitherto assumed ideal gratings and investi- 
gated their properties. In practice gratings 
may suffer from various defects. Principal 
among these are departures from exact equality 
of the grating space over the whole grating. 
The effects of such errors are dealt with in 
another article,® and we need only mention i 
here that any periodic variation in the ruling 
virtually constitutes a second grating of which 
the grating space is equal to the periodicity. 
Thus a spectrum line is flanked with a series 
of faint companions which are simply lateral 
spectra produced by the second grating. Such 
oompanion lines are termed ghosts, V ariations 
in optical tMckness of the plates of an echelon 
may also give rise to ghosts. Aberrations of 
another character may also be found in echelons 
due to the clamping of the plates (30). Stans- 
Walmsley (32) described a case in 
which an asymmetrical distribution of light in 
th&secondary maxima resulted from this cause. 

A useful treatment of imperfect gratings has 
been given by Sparrow (35). 

1 — In an article of this 

length It has been quite impossible to deal 
exhaustively with the subject of diffraction 

I " Spectroscopy.” 

Gratings, The Manufacture and 


gratings, either in the theoretical or praotioal 
aspects. It has not been possible to deal with 
the practical methods of mounting employed) 
and for .such information the reader is referred 
to Kayser’s Handbuch der Spectroscopie, vol. i** 
to Baly’s Spectroscopy, and to several of tlie 
papers mentioned in the bibliography. On 
the theoretical side, space has forbidden i‘o£©l?* 
ence to the state of jjolarisation of the dif- 
fracted light from the grating elements (B7 
to 43). To repair these omissions and supple** 
ment the information contained in the artiol**, 
a bibliography is appended which, thongh fttr 
from complete, will be found useful by thcMif 
desirous of pursuing the subject further. 


J. O. 
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divided circles 


degree. The chord having the same length 
as the radius gave the 60° point, with the 
points 0° and 60° as centres, and a distance 
on the beam compass very nearly equal to 
the chord of 30° ; two light dots were made on 
the arc, and the distance between these was 
bisected by hand, using a magnifying glass, 
thus giving the 30° mark. The chord of 30 
set off from the 60° point gave the 90° pomt. 
Each 30° arc was then bisected in a similar 
manner, and the resulting divisions trisected, 
thus dividing the quadrant into 5° spaces. 
These ■were then di'vided into 5 parts, gi^ving 
single degrees, and the twelfths of a degree 
were found by further bisection and trisection. 
The outer circle was divided into 3 parts 
as before, and each of these into 512 parts by 
continued bisection. This method was con- 
sidered more accurate than the first, and the 
resulting di'visions were used as a check on 
the inner circle. 

John Bird in 1767 divided a similar circle. 
He first prepared a lineal scale of equal parts, 
and having obtained the 60° point by laying 
off the chord equal to the radius, 30° and 90 
were obtained by laying off the chord of 30° 
from the 60° point, the length of this chord 
being obtained by calculation and measure- 
ment from his scale. From 60° the chord of 
15° was laid off giving 75°, and from this the 
chord of 10° 20' gave 85° 20', which was 
checked by the chord of 4° 40' from 90° ; 
85° 20' = 5' X 2^“, hence the further subdivision 
of this can be found by continued bisection. 
The remainder of the quadrant beyond 85° 20' 
Contains 56 divisions of 5' each ; the chord 
corresponding to 64 such di'visions was laid 
off, and subdivided by continued bisection as 
before. 

§ (2) Teottghton. — Edward Troughton 
adopted another method for di'viding (de- 
scribed in Phil. Trans., 1809, as applied to a 
4 ft. circle). The circle to be di'vided was first 
accurately turned on its irmer and outer edges 
as well as on -its face. A cylindrical roller 
was then made of such diameter that it re- 
volved 16 times on its axis when rolled 
once round the outer edge of the circle. The 
roller was then di-vided as accurately as pos- 
sible into 16 equal parts by lines parallel 
to its axis, and was mounted on a framework 
which could slide round the circle, the roller 
revol'ving by means of frictional resistance on 
the outer edge of the circle. Two microscopes 
attached to the frame served to observe the 
circle and the di'visions on the roller respec- 
tively. By means of these microscopes the 
points of contact of the marks on the roller 
■with the circle were observed and marked on 
■the drde by dots ; the circle was thus divided 
mto 256 nearly equal parts. Two microscopes 

^ John Bird, The Method of Dividing Astronomical 
instruments. London, 1768. 


A and B were used to obtain the errors 
these dots ; they were placed so as to bls©®^ ; 
dots 0 and 128 respectively ; the circle was tl'*.®*' , 
turned so that A bisected 128. B should ^ 

bisect dot 0 ; if it did not, then half the mo'S''®" 
ment of the cross-hairs necessary to bisect 
dot gave the error of the dot, and this 
measured on the micrometer screw. 
scope A was then again set over dot 0 and- 35 
over dot 64 ; the circle was then turned till 
bisected dot 64. B should then bisect cltit 
128 ± the error already found for dot 128; IvttW 
the residual error gave the error of dot 
Similarly the error of dot 192 was found. 
continued bisection in the same manner 
errors of all the other dots were found. 
final graduations were required at 5' intervitL* 
and to obtain these a sector with about ft**.’.' 
times the radius of the roller was mounts* 
concentrically on the roller, so that it normaJi^ ' 
turned with the roller, but could be adjufit-t-J 
independently. The sector Avas di'vided fc 
accurately as possible into divisions such 
it would revolve one division on its axis ' 
each 5' which the frame was moved round tL 
circle, 16S- of such divisions corresponding 
yV of the circumference of the sector, i.e. t 
the amount the sector would revolve os 
roller moved between two consecutive dot® 
the circle. Sixteen such divisions were markf’^ 
on the sector, together with an extra di'vlBit*ll , 
at each end which was divided into ^thfc 
Two microscopes IT and K were oariied 1% 
the frame, H reading on the circle and K tWI 
the sector ; the frame was then adjusted 
that H read dot 0, and the sector adju«t.««tf 
with its zero under K. The zero mark of fht 
circle was then cut under H by a dividing knite. > 
and the frame moved till the sector had tV* i 
volved one division under K ; the next lllW | 
was then cut under H, and so on, un'feLl W j 
divisions had been cut. Before cutting 
17th H was adjusted over dot 1, due alloli- 
ance being made for its error as already deste^f^ 
mined, and the sector was set to division — | 
under K ; the graduations between dots 1 iMOrt ; 
2 were then cut on the circle. In tliis 
the errors of the dividing were controlled "bj 
the dots and prevented from accumulating^ 

§ (3) CorviNG. — ^When a circle has once 
accurately divided it can bo copied by i>lattll^ ; 
the master circle and the blank concentrioalt* ‘ 
on a table, and laying a straight-edge to 
division of the master circle in turn, 
cutting the division on the blank •with 
dividing knife. 

§ (4) Dividing Engines. — Modem elrel« 
are invariably machine divided. The 
notable dividing engine Avas made by 
Ramsden,® and an account of this machine ww^. 
pubhshed by the Commissioners for LongltUi^ ! 

“ J. Bamsclen, Description of an Engine for j 

Mathematical Instruments. London, 1777. 
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ill 1777. iitiil nil latff I'lijiiiu-H nn* itmiU' 

till lilt' Hivmi’ jjs’ui'nil liiu'H ; the wtuU tit Im> 
ili villi'll in iiiuiinti'iJ I'ltni'i’iilrirnlty mi a riirular 
|)liili' wliifli ri'ViilvfH mi a ymliial nsis. Tliia 
ptiiti' lini ti'i'tli I’Ul mi itsi futiiti'tl 

iiy 11 wmiii ; !li«' wmiit ta tnuvni l»y u liitrlii't 
tltivon liy 11 litiml winuui rmuut a fylimliT, 
MtupH jimvitlt'il t«i I'lwun* tlu* vvmiu ht'iiig 

lunii'il tin* I'urri'i't nmmuil. lit thi> 
miu’hiiicH tlu* luiiul vviiM jnilK'tl ilnwn hy a 
Irt'iuUo, tlu* utlu'r »*tul uf tlu* Imittl Ihuii}? 
atliU’lu’il til H ui'iglit. Ufi |iri'»Mitijj iliiwn tlu* 
truiulli* tlu* platu wan futwtitHl liy a lU'filiitu 
iniimmt iiiul tlu* ilivtHimiw uiarkml mi tlu* 
liy liwiul. On tulmainu tlu* truiulU* tin* mt«’lit*t 
iiiliiwiHt tlu* Wright tn tlm-uiul withmit niUitiiin 
the* wiirm. In lalur nittrltiiu'a tin* I'lita art* 
nmih* autmnatii'itlly. tliiw unahling tin* unginn 
til Im |Htwi*r ilrivun. 

In J7u;J Eiiwar*! 'IVnughtmi n 

«miu*w liat latnitar nuu'liitn', Otliura liuvu tK*t<n 
math* l»y Amlmv tli»»«.* WtlUatn Himnw,® and 
nthi'ia in thut vmintry and ahrmnl. 

11. .tluttiuis iJjvtnixij HNtjiXKJi 

I (.7) tt»;Hi>nirrn»!v tint* iif tlu* l»f*«t and 
initst nimhan <4 lht*»t' waa utnnplutuil !*y 
(Ji’iirgt* Watts in llKtt, Thia maultinn and 
tlu* nu’tiuida tiwtl in I'l'nstrut’llng it wilt l«* 
<lt *»i’rtl«’'il iH'liitt, 

It will !«’ wH'ii Crmn what haa Iwn aaitl 
that tlu* prnuipttl aim in In ntnatiin’t an 
ftt’i'iifatt' wunn and wnriu tthta*! wi that mu* 
rt’vululimi i4 tlu* wmin shall ruvulvu tlu* 
wnrm wlmul thrmigh a jimluli’rininritl aiigh*. 
rui nuirr, m* h*»>*, with thu anmlluMt tM*»«ihh* 
animinl «*! tluvtatimi, ami thi* n»ti»t Iw* Inn* in 
any trlalivi* jn**tluin *4 iht* wurtn ami whw’l, 
'riu* I'ldy t'ftlain nu'tlual i4 pnaliuinit stnli a 
wnrm whuul is in vnt ihu truth »»tu* hy mu* 
frmii »n ufftiratuly div'idwt riroh*. and iinluM 
WU'h a I'lffh’ t« avadahU* tin* fit*l ntup is tti 
ihvidn mu*. In milrr t»« rurty thN t»nt Ihn 
fiiUnwing jirrurtutimw wm* tahun, I'lin w«»rk 
«4 dividing ami lrstitt$c wiw mrrhsl tint in » 
BjHU'tally riinsttriiriwl rmun whrfu thu Imin 
jH*r«ttiru rmihl f»p maintainwl rmtstani within 
mm th’icr»««* Fahr. Thu »4r*’h* A CFifi. I| t«» i»* 
gratlualutl ruvtdv’wl snumlhly Mpmi an 
ratuly imtfhtnwl ttsi« R withmtt thu »iia|*iH«»n 
c»f any jmiriwl «habr*. Tin* tearing* »»! thi* 
»«irt Wftp vitnitni hy a %-t*iy rigid irawu* C*, 
whii'h Vfiut mt dnsiiinwl as t«* furnish »!»» a 
riMUt rirrular lahlt* Ih muirnwhat Inwur iti 
ImiMht and a littlu liirgur in flianmim than 
tin* I'irrh* t«i In* gradnalud. *rht« uirrtdar tahU* 
W'»js fur tlu* imr|ue#»* *4 m*»untiftM mirrmnulfir 
nii*’r«w*t’n{»ua »t ditfumit |iM**iiimw rtunui thu 
cirulu, Thu*»* M!ipri»»K«»j»r-« «hmild In* *4 atitti* 
ciwit jutwur t«» duturl ulrarly an anuutnl 

• Tfsfu# .*<«**, .-trt*, J*- 3 n SI. 

» M»mtin ike HmM^, titS. 


in anguhir vhIuu. tn tlu- ti'iilli purl nf a M-rmul 
•III tlu* «•ir«■lt*. Sutiu' idt'U i4 I Ilf pnwi'i' iift'i'u. 
-i.irv run hr nlilaiilrd fimii Ihr i'nr|. ll)u,l. in 


linuRf niuuuimt thin nnuiuntu at 4 ft. di«itru*t«*r 
t<» fdsiiut sssIbm itu’h. 'I’ln* dmign fne tlm 
inmtnt* nf tlu’w* mtt'rmii’njK** nniMt hu vury 
narc'fulty omwiduml frmn tin* pninl i4 viuw nf 
tnnnM*mturr rhnnKt*!*, iw a rnld ilrttUghtBlrlking 
mu* uidu nf Hiirh »v mnunt may pnuUirn urrnw 
whit’ll turn hy lui mwiw nughgihlu. 

Aiiulhrr tm»«*ntial piurt* t4 upparatiw Im a 
mwhnnic’ally rnnuntrul stwl nr tlirtinmul nultur 
U*f rutting ihn iwTintl tliviMimw tn l«* rwwl hy 
tin* niiprmnt’U’f*. Thin untlur must hn »ti 
mnuntol luul uwtmg that it ran l*u hiwnrud 
Intn {HftitiU't witfi tlif* uiruh', nmvwl ncrom iti 
ami again raiswl murlmnlunlly withnut any 
ilirtH't imjM’tua i»r rmitml nf tlu* luiiul. Oh 
vimiMly ulfin tlu* innviiig (mil* nf thin rnwh* 
aniiun iiiUMt hr* frrt* fmm tin* h'nut »tlmk»*, 
whih* at tlu* Kfiiiu* tinu* ju-rfwtly frnu tn tnnvu 
nr Rwing with tin* Imst iHwstlhU* frirtinti, 

I(ii) l)tvit»tsti Ttm Mawkh Oittm.t;. Tlu* 
uuttur nuudmnifun wu# »»'i’urt*lv' Imliud thmn 
tn tlip ttthh* 1», ami tlm lirsst lint* rntwl (U ), 
Thun hy artual iiu'asumnu’ntH tin* fmaillmt t4 
tin* IMtr linn wa« d»’tnrmiim«l, »n«l thi« pnaitlmt 
lirtntght »« nwtrly m |»mi«ihh* iimlur tin* rutlur. 
A tnlrmmrtw' nurf»«rtipn A was tlmn itumtil<*il 
anti a«lju*t«*>tt uxiuslly nvur tin* ir lim*. i.r., 
difrutly *tjij«*ait«* tin* rnttur, aiul iKti" lin« 
fidwl I tlu* t’irt'lp wiw thftt ruvnlvwl » tmurly 
m |u*!i«ihh» thrmigh iH»“, ami inirrnMrnjwfi 
II Mini O mttunttul nvrr tin* marhM ulruady 
unt; tlrny will ibiw Iw* nluiut Wr frmn A, 
It was thun uilJuwttHi uxautly nvur 
the »r« mark ami O t»vur tin* tKlo mark, and 
llm ulrt’ln tMfiuul till thi* wrn mark wa* rxnrtly 
under t'l if the iHtt' mark had fu»w upjtuaretl 
exactly ntulnr H, Imlh marks timl mh'rt**’nj»r« 
wmild have Imuji uxartly iHtf ujutrl, hut If 
nut, tlu* urmr w^i« aharwi i*t|tittlly hy the }««fir 
nf mtt*rit«wt|u* It and tine iwr, The 
tntaf #mmmt nf thii em»r was rewl mt Itiu 
mtermneter, and the w*m line Hgain |il»eed 
umler the A fniers««'n|H’, hut with iy ermr 
ttUnW'erl fnr nrt the A miernmeter, and tt fre4i 
Une WM ruletl. Thk wiw again k**le»l, 


niVIUEl* 


aiul Uu* prtH'CHrt rt*i»'aUMj imtU tin* S4\*« Itsssa 
0" and IHU hiul Iin Hjijilivuiltlr ; «h* 

inu’riimi'tt'r rrudinm at A i*' tiw' 

jiiiitit ih*' 

kmiwu. Tilt' /.t-nt liru' vv»m* iul|u»U'*i »w*i* r 
1{ luul till' »(»■ lint' t'Ul ; ti %uisi llim flMr.l 
umlt'r (!, wlu'ii IH) Mhmtltl imdi'r A. 

Ah iH'ftiii', till' orriir wjiti mul »*lf, haW tS»H •’ir -ir 
btdtiji ill thu tif th(’ IKi hu**# and half 

in tlu» pifsitiiuw t»f ii anti i’. A r»»rnH t int litw- 
tituiUI ihtnt'fiirt* 1 h' imirktHl, atnl lli«’ Inw 
ftilUnvwl. By Miinilar hh'IIumU, luni n»..rr 
rniant«tH){>t», jiwurati* Iiiiph vu*r»^ rut fir«t nrrt 
45' and tlswi nvt'ry 22| . li» fsiii«la 

numtal Utu«, By tlu' mfUs«<ii'» *4 trial 
and uftiir out’ni«’(t|M'it 1> anti K 
120’ fn»m A and thn 120 and 2-U»’ iuw * * wt 
By jilatdnM wu’h tif tl»' tiriniiml 10 UiirJi mii^i 
each t>! t!u< tlim) ndi'ri»iK'«»j«’'(i A. l>. and !• »»* 
turn, thWMi tiinw 10, tir 4H, tt»«rr> Mltirtiijn-*! 
On tlu» «a»u* jirinfi|»lt» iivi* 
plaiHwl at wjtud dwtanwa Muiid ihp 
and mure lim« I'ut, lhu« givuin 24o tuHa »« 
all, t»r mm tmwy 1 1”. H«» far llm »«*rk wss* 
8traightf«»rwant. if UhUku*: ind thw dtvid-is-’ 
had now B> Ik' dividwl into iMlUa in ..rdrr «•> 
obtain 5' Bjiai't's. 

For thin jiurpo**' niirronn'U't* ireainiwl 
at ty*, 70* :10‘, and Ml", and Him 
included wore tii*H*tod, «>. jfirernw-tliain 
ttilorenwtom wore nnHinlni «t 23 ' ilo , 47 oi . 
wul 1 17" 30'. By thi« moatn* 72tl diviaton® 
obtnintal, or out* t'vrry |". Tbrw mn n'nodrits 
wort then monntwl at u , (Hr 'Ut'. and 121 , 
and the two »{iiuh»« wultdividod ini«* tbrrtu t.% 
mlowmoti'm mmtntml at «tt B»', 4**' «*• . 
Sir 40', and HM»'* 50'. By tids means 2 l«Mi 
dividtms were obtainwl, or one evrty !•» 
mimitw*. Fiimllv bnir micrometers *ere 
rmnmtwl at O’*. 40 lo', «o 2 <r, and l'«Hr :i«t . 
and thp three ajiamnj bi»epte«l by mn'rometr-f* 
at Sir fi', 00“ IS', w»d iwr 'Tbis «ave li»r. 
m),«lred 4320 diviuiona, tw one every S mitiMle* 

I (7) TWTtSW. — 'Hw eirt’le tieini? titna 
dfvldod the mtne ginmietrie |»ri«ee^ ««« em 
played to aacjertain the Indivitlnsii err«<r« «4 ilw 
graduatlona, which ww tabnlated. An ei« 
tir©ly lre»h set of graiUiatlofia then *'»»«. 
udng a slightly diffcwnt diameler >4 mfsl.-. 
the emiw Wng eliminateii, m far «« 
by making the approftriale altnw#nre^ ..n ibti 
nderometera. The errew «»f thi« tmw sif«-In 
were again determined ami tebulsietl. ^nd %ei 
anothftc drole divitletl. It wm found ll»«i il»« 
individual erre» wort* rondderably rUmtniahs-st 
with «aeh oyoit’* of ojwratiorw, and after # 
BldoraWe numln'r i4 8w*h eyrtw*. 
about dx mcmtba of very twlioim work, n r«>f‘ 
ol dIvWoM WM nbtalnwl tim errera »«f m in. h 
we» known, and with one «r two e%r-r|4s..fw 
wm well within | atctmd of 
§{8) Tasrn Ctfrrwn.—The neat »ie|» W 4 » 
to out the teeth of th® wiimi-whwh In ibe. 
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driving the revolving table, and cutting the 
divisions, each to have a suitable adjustment. 
Intermittent motion had to be provided for 
the former, and co-ordinated with this in a 



other end. It is important for this cam to 


very positive manner, a “ tracelet,” or mechan- 
ism operating the actual cutting knife, with 
its automatic movements. Both are very 
simple in principle. The intermittent move- 
ment of the worm-wheel is arranged as follows : 
There is, mounted on the worm-spindle A {Fig. 
2), and rigid with it, a ratchet wheel B, engaged 
and driven by a pawl C, which revolves on a 
spindle D. This spindle is separate from, but 
■with its axis in exact prolongation of, the worm- 
axis. A coarse V-shaped worm E, round 
which a cord is passed several times, is rigidly 
mounted on axis D ; one end of this cord is 


attached to a pin on a revolving arm F, the 
length of which can be 

varied ; the other end of ipi ti 

the cord carries a weight. "B * 

On revolving the arm P the 
cord round E will be alter- 
nately pulled and released. ^ 

The pawl, therefore, will 
be revolved round its axis 



alternately in opposite 
directions. In one direc- 
tion it will carry the worm 
round with it by the pawl 
engaging in the ratchet wheel, 
and in the other direction 

the pawl will slide back 

over the ratchet wheel teeth. Fig. 2. 

Thus the worm - wheel is 
alternately revolved and left stationary. The 
amount of revolution imparted depends on the 
amount of j)ull and release given to the cord, 
or, in other words, to the length of the arm 
P ; this controls the spacing of the graduations. 
Various adjustments and limiting devices are 
introduced to make the apparatus as positive 
in its action as possible. 

As regards the tracelet ; two movements of 
the cutting knife are necessary — one a lowering 
and lifting movement, and the other a travers- 
ing movement ; the former to bring the knife 
into contact with the surface to be graduated 
and to raise it again, and the latter to cut the 
division. • There are several methods of auto- 
matically accomplishing the movements ; one 
of the simplest is shown diagrammatically 
in Fig. 3, where A is the cutting-frame, having 
at one end a knife or cutter, while the other end 
is prolonged in order that the cam C, when 



Fig. 3. 


revolve at exactly the same rate as the revolv- 
ing arm P (Fig. 2), and to be so adjusted that 
the cutter is out of contact wth the work 
being graduated while the latter is being 
rotated by the worm. The shaft carrying the 
lifting cam C {Fig. 3) also carries a pinion 
geared with a definite ratio (in the case illus- 
trated 1 : 6) into a larger gear wheel D, the 
spindle of which carries a large cam wheel E, 
having 6 equally spaced projections round its 
edge. In close contact with this undulated 
edge is a “ feeler,” or a projection of the 
member P, which is a right-angled frame 
pivoted at G, into the lower end of which the 
cutting-frame A is pivoted at B. li is a 
weight for determining the pressure of the 
cutting knife on the work, and I is a weight to 
keep the “ feeler ” in close contact with the 
edge of the cam E. The amount of the travers- 
ing movement communicated to the cutting 
frame, and therefore to the cutter, is controlled 
by the radii of the projections of the cam E. 



Fig. 4. 


In the case illustrated the apparatus would 
produce graduations somewhat as illustrated 
at J {Fig. 3), the firm lines being cut during one 
revolution of the cam E. The machine is 
illustrated in Fig. 4. 
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circunifereuce of the drum be divided into GO 
parts, each of these will correspond to 10 
seconds, and no comb will be required. With 
a 12-inch theodolite the main divisions would 
be 5', and the microscopes more powerful, so 
that one revolution of the drum would corre- 
spond to 1'. In this case a comb is necessary to 
count the odd minutes, and one division of the 
drum corresponds to 1". In such a case it is 
convenient to have a lower-powered reading 
microscope to read the scale direct to the next 
lowest 6', only the odd minutes and seconds 
being read on the micrometer microscopes. 
The drum reading should be the same which- 
ever graduation be intersected, and it is often 
convenient to read the graduations on either 
side of the pointer, as this gives a check on the 
run of the micrometer, and enables a correction 
to be made if necessary. 

The accuracy of reading depends to a con- 
siderable extent on the illumination of the 
circle. The graduations are engraved hnes, 
and if the light falls from one side the illumina- 
tion of the two edges differs ; the Hght should 


fall from above, and in the direction of the 

length of the lines. E. o. ii. 

G. \v. w. 

Dividing Engines. See “ Divided Circles,” 
§(5). 

Doppler’s Principle ; a principle which 
explains the small change in the wave-length 
of a line in a speetrum found when the 
observer or the source of radiation are in 
motion. By measuring the displacement of 
such a line, the velocity in the line of sight 
of the moving source relative to the observer 
can be determined; other phenomena in 
spectroscopy can be explained by aid of the 
principle. See “ Spectroscopy, Modern,” 
§(5). 

Double-image Prisms, Wollaston’s and 
Rochon’s forms of. See “ Polarised Light 
and its Applications,” § (12). 

Double Refraction. See “ Polarised Light 
and its Applications,” § (5). For Fresnel’s 
theory see also § (7). 

Drum. See “ Sound,” § (47). 


Ear, The Human, Description of. See 
“ Sound,” § (57) (i.). 

Eghblette : a type of diffraction grating for 
work in the mfra-red. See “ Diffraction 
Gratings, Theory of,” § (12). 

Echelon in Spectroscopy: a special form of 
diffraction grating of very high resolving 
power. See “ Diffraction Gratings, Theory 
of,” § (13). 

Eppioienoy, Effect on Life of (in electric 
lamps). See “ Photometry and Illumina- 
tion,” § (87). 

Eppioienoy of Camera Shutters. See 
“ Shutters, Testing of Photographic,” § (3). 

Ep'PICIenoy (of a light source). See “ Photo- 
metry and Illumination,” § (2). 

Elasticity of Glass. See “ Glass,” § (20). 

Electron : the fundamental carrier of unit 
of electric charge. See “ Radiology,” § (2). 

Ellipsoid of Elasticity : the name given by 
Fresnel to an ellipsoid in a crj^-stal,' which 
determines its optical properties. Its axes 
are fixed in direction in the crystal. The 
axes of the ellipse in which a plane wave, 
passing through the centre of the ellipsoid, 
cuts the surface, give the directions of 
vibration in that wave, and their lengths 
arc inversely proportional to the respective 
velocities of propagation. See “ Light, 
Double Refraction of.” 

Elliptic Polarisation, Production and 
Detection of. See “ Polarised Light and 
its Applications,” § (15). 


Emanations from Radio -elements. See 
“Radioactivity,” § (16). 

Embossing, Process of. Glass. See “ Glass,” 
§ (38). 

End Product of Disintegration Series of 
Radioactive Elements. See “ Radio- 
activity,” § (24). 

Energy, Partition of, Application of 
Quantum Theory to. See “ Quantum 
Theory,” § (3). 

Engraving, Process of, on Glass. See 
“ Glass,” § (37). 

Enlarger, Photograpiiio : a device for 
magnifying photographic images. See 
“ Photographic Apparatus,” § (10). 

Equal Altitude Method for Determining 
Local Time. See “ Surveying and Survey- 
ing Instruments,” § (26). 

Equatorial Mounting for Telescopes. See 
“Telescope,” § (14). 

Equivalent Bending Point : a term used in 
connection with projection apparatus to 
denote the point in which a ray finally 
emergent from the apparatus intersects the 
line of the corresponding incident ray. See 
“ Projection Apparatus,” § (4). 

Equivalent Bending Surface : a term used 
to denote the locus of the equivalent bending 
points for a given symmetrical jirojector. 
See •“ Projection Apparatus,” § (4). 

Erecting Eyepieces. See “ Eyepieces,” § (7), 
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Ereors in Observations made in Nautical 
Astronomy. See “ Navigation and Naviga- 
tional Instruments,” §§ (5), (G). 

Errors of Sextants. See “ Navigation and 
Navigational Instruments,” § (19) (ii.). 
Etching, Process op, on Glass. See 
“ Glass,” § (38). 

Euphonion, Bb : a brass ivind- instrument 
■with, valves. See “ Sound,” § (44). 
Expansion, Co-efficient of, of Glass. See 
“ Glass,” § (27). 

EYE, THE 
I. Structure 

§ (1) The eye, or organ of sight, is probably the 
moat important of the physical sense-organs 
by which we accomplish the perception of the 
objective world. A 
complete treatment 
of its anatomy and 
functional processes 
from the physio- 
logical point of view 
would be outside 
the purview of this 
work ; but an ele- 
mentary knowledge 
of its structure is 
essential to the com- 
prehension of its 
properties as an 
optical instrument, 
with which the 
Applied Physicist is 
primarily concerned, 
and which is the 
subject-matter of this 
article. 

In Fig. 1^ a 
diagrammatic hori- 
zontal section of the 
right eye is shown. 

The principal 
features to which 
we require to call 
attention here are 
the following : 

The Eyeball, which 
is an elastic body of 
about one inch diameter, is of the shape 
shown, being distended at the front to form 
a spherical cap of smaller radius than the 
remainder. The wall of the eye consists of 
three principal layers or coats which, passing 

* Taken from Visual Optics and SiffM Testing, by 
Lionel Laurance, which the reader should consult 
for fuller information than is here given. 

Other books which deal witli the physiology of the 
eye are Eandbuch der physiolog. Optik, H. von 
Helmholtz ; Handbuch der Physialogie des Menschen, 
W. Nagel ; Optigue physiologigue, Tscherning ; 
Elementary Textbook of Physiology, T. Huxley. 


from tlie outside inwards, are met in the 
following order : 

The Sclerotic and Cornea : The sclerotiG 
is a white opaque membrane of tough fibrous 
tissue which extends over about five - sixths 
of the ball. The cornea, which covers the 
other sixth, is continuous with the sclerotiCf 
but is colourless and transparent to admit 
light to the eye. 

The Choroid : This is a layer of highly 
vascular membrane in close contact with thft 
sclerotic externally and lined internally witl 
dark brown pigment cells. 

The Retina : This is the seat of vision. H 
is a reticulated structure of fibres and celli 
and is directly connected to the optic nerve. 
It consists of ten distinct layers, of which the 
first and second (passing from the choroid 
inwards) are the receptive layers. The firat 
of these, which- adjoins the choroid, is the 
hexagonal pigmet^ 
layer, a glandulat 
structure in whiolfe i 
is secreted a sub* 
stance known a*’ 
visual purpile. That - 
the visual purple,, : 
which become! : 
bleached on eX;. 
posure to light. Is 
associated with 
vision is regarded 
as certain, but the 
part which it playf: 
is unknown, many 
conflicting theories (fl 
its function having 
been advanced. Next 
comes the bacillary 
layer or the layer of 
rods unA. cones. These 
consist of minute 
bodies, of which tht 
shape is conveyed to 
their names, and of 
which vast multiv 
tudes are packed side 
by side perpendiem 
larly to the plane of 
the retina. The lighi 
waves strike these 
bodies and, by means- 
at present unknown, the radiant energy is 
converted into some form suitable for trans* 
mission along the ramifications of the optio 
nerve to the brain. 

The remaining layers, which need not here 
be particularised, contain the blood-vessels 
and the nerve fibres which radiate from the 
optic nerve to all parts of the layer of rods and 
cones. It will be observed that the light, 
before reaching this layer, has to pass through 
the eight inner layers. 



Eig. 1. — ^Horizontal Section of the Right Eye 
(Diagrammatic). 

m, aqueous ; r, vitreous ; L, crystalline ; C, cornea ; 
S, sclerotic; ch., choroul ; r, retina ; c.m., ciliary 
muscle ; c.p., ciliary processes ; M. Miillcr’s ring ; 
f.c., fovea centralis ; i, iris ; s.l., suspensory liga- 
ment ; sf, spaces of Fontana and pectinate 
ligament; c.s., canal of Schlcmm ; a.c., nntcrior 
capsule of lens; p.c., posterior capsule of lens; 
cj., conjunctiva; o.n., optic nerve; o.s., ora 
serrata ; r.v., entrance of retinal vessels. 
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At the back of the eye, with its centre at 
the point where the line of sight meets the 
retina, is the yellow spot or macula lutea. 
The spot is slightly elliptical and is about 
2-5 mm. in diameter. At its centre is a 
depression where all the retinal layers, with 
the exception of the receptive layers, are very 
much attenuated. This is known as the 
Jovea centralis. Its diameter is about 0-25 
mm. The acuity of vision is greatest at the 
fovea, falling off rapidly towards the outer 
parts of the retina. 

The distribution of the rods and cones also 
varies from the fovea, where there are 
practically no rods, to the periphery, where 
there are relativelj' few cones. 

At the point where the optic nerve passes 
through the wall of the eye the retina is 
absent and there is no sensitivity to light. 
This region, which is about 2 to 2-5 mm. in 
diameter, is known as the blind spot. 

§ (2) Optical Elements. — The image-pro- 
ducing elements of the eye are the cornea, which 
has already been described, and the crystalline 
lens. The space between the cornea and the 
lens contains a fluid known as the Aqueous 
Humour, wliich is practically water with some 
salts in solution. Its refractive index is nearly 
that of water and differs little from that of the 
cornea, which is therefore optically equivalent 
to a single refracting surface. 

Between the lens and the retina is the 
Vitreous Humour, a transparent substance 
of a consistency similar to the white of an 
egg (raw). Its refractive index is similar to 
that of the aqueous humour. 

The Crystalline Lens is composed of fibres 
arranged with considerable complexity. It 
is highly elastic, and its form and position 
are maintained by a membranous frame known 
as the suspensory ligament which extends 
from the edges of the lens to the Ciliary 
Processes. These are a direct prolongation 
of the Choroid. Their function is nutritive ; 
they secret a fluid which nourishes the lens 
and vitreous humour and replenishes the 
aqueous humour. 

Associated with the ciliary processes and the 
suspensory ligament is the Ciliary Musde. 
This consists of two parts, the radiator and 
the sphincter or Mailer's ring. Its function 
is to vary the tension of the suspensory 
ligament, which results in an alteration of 
curvature of the posterior surface of the 
lens, thereby producing the change of 
power, known as accommodation, by which 
objects at various distances are brought into 
focus. 

The Iris. — This is a diaphragm which 
limits the aperture of the eye. It consists of a 
pigmented membrane, in the centre of which 
is a hole — termed the pupil — by which light 
^ Vide infra. 


enters the eye. The iris contains straight 
radiating fibres, the contraction of which 
tends to dilate the pupil. This contraction 
is opposed by a ring of contractile muscle, 
termed the sjAiincter pupiillae, round the edges 
of the pupil. The operation of the sphincter 
pupillae is involuntary, being due to reflex 
action. When the retina is subjected to strong 
illumination, or when a high degree of accom- 
modation is called into play, the sphincter 
pupillae contracts and causes a diminution of 
the aperture of the pupil. 

§ (3) The Eye as an Insteement. — The 
eye, either alone or in conjunction with 
external optical instruments, plays an im- 
portant part in physical experiments. In a 
great number of determinations one of the 
factors limiting the accuracy attamable is the 
precision with which the eye indicates the 
fulfilment of some particular criterion ; for 
instance, the coincidence of the cross-mres of 
a telescope with the image of some external 
object, the equality of brightness or of colour 
of two illuminated areas, etc. The eye is 
therefore a physical instrument, of which the 
capabilities and limitations must be understood 
equally with those of any other instrument 
and given due consideration in devising 
methods and designing apparatus if the 
experimenter would secure the maximum 
accuracy in his results. 

Unlike most instruments of human design 
and construction, any one of which is rarely 
expected to perform more than one special 
function, the eye has to do a variety of things. 
These may be grouped under three heads, 
viz. the perception and measurement of 
light ; the discrimination of colour, and the 
determination of the position of objects in 
the field of view. In the following para- 
graphs we shall study the properties of the 
eye regarded as an instrument capable of 
doing these things. 

II. The Perception of Light 

§ (4) Threshold Phenomena. — The per- 
ception of light being fundamental to all the 
other functions of the eye, we shah, first consider 
the laws governing this perception. There is 
a minimum quantity of light, known as the 
threshold quantity or extinction quantity, 
which must reach the eye in order that light 
may be perceived at all. After the eye has 
become adapted to the dark, a small source 
of -02 candle-power, one metre distant, would 
just be seen when looked at direetPy. If 
received indirectly, so that the image falls 
outside the fovea, a much fainter light could be 
seen. For most practical purposes it is foveal 
vision that is important. 

In order that a light may be visible it is 
necessary and sufficient that the eye should 
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receive the threshold quantity, whatever the 
area of the source, provided the latter does not 
subtend a greater angle at the eye than about 
50 minutes of arc — or nearly the whole foveal 
area. This means that for very low intensities 
the Ught is completely cumulative, and that, 
whether concentrated at a point on the retina 
or spread over an area of 50"' diameter, it 
produces the same total physio-psychological 
effect. This is usually expressed by saying 
that for very feeble h'ght the visibility, or 
apparent brightness, depends only on the 
total candle-power, and not on the intrinsic 
brightness of the source so long as its angular 
size is less than 50'. For larger areas the light 
required to produce a given brightness near 
the threshold varies as the linear dimen- 
sions of the source. Beyond 4° there is no 
further cumulative effect, and the apparent 
brightness is proportional to the intrinsic 
brightness. 

As the brightness increases the area over 
which complete accumulation takes place 
diminishes. Thus Paterson and Budding ’• 
found the transition from complete to partial 
accumulation to take place at 10' for faint 
sources somewhat above the threshold 
brightness. 

By summing up the results of various 
observers, 2 S. D. Chalmers ® arrived at the 
generalisation that for the true intrinsic 
hrightness of an object to be recognised, at 
least the threshold quantity of light must fall 
on the area of the retina occupied by a single 
com ; i.e. an area of 25 to 30 secs, angular 
diameter. 

For very low brightnesses colour is not 
recognised. From a study of Abney’s results 
for the extinction of colour, Chalmers deduced 
that the recogmtion of colour begins at the 
s^e stage as the recognition of true brightness, 
viz. when the threshold quantity of light falls 
on each cone. 


§ (5) FBCHKEa’s Law. — At intensities we! 
above the threshold values, but not brighi 
®ough to dazzle, the relation between th( 
sensation of %ht and the stimulus producing 
it is su^ that the difference in brightness ol 
two objects which is necessary for one to bf 
recognise as brighter than the other is s 
TOns^t fraction of the actual brightness : 
U 1 18 the mtensity, and 5l,„ is the minimum 
difference which can be detected, SL/I is 
^Jant, =A. say. This is known ue 
Fechners law. A, which is about 1 pei 
cent or thereabouts for the average eye, is 


TUtminati^ Engineer, May 1915 -n 2 in 
n TschemiW, ^SologU 

Slt 1 ' , Abney, Researches in Colour Vistirm nmrf 
Trwlao^ Theory, 1913, pp. 165 leT??? 

^M^org, 1903, xS’ 98 “• Physiol. 

* 'Frtms. OjA. Soe., 1919, xx. ^7. 


known as the Fechner Jrnc.tinti. The law 
only approximate ; ' considerable deparfcur*.*^ 
occur at high and low intensitios, aa alraatlX 
indicated. The value of A, while it may 
regarded as constant for practical purp<»i»*^ 
over the range of medium intensitios, in realit J 
follows a shallow curve, having a minimtiJt 
value when the retinal illumination is 
6-5 metre candles. According to ChalmtiW * 
the approximate values of A at low intengtt^ 
are IT per cent at 0-25 metre oancUi#.^ 
1-6 per cent at 0T2 metre candles ; 3*2 
cent at 0-03 metre candles. At high intW ' 
sitiea A also increases considerably. 

III. CoLOXTR Phenomena 

§ (G) VisiBiLiTy. — Wo nood not deal he# 
with the theory of the mochaniHrn by vvhi4 
the wave-length or vibration froquonny of tfa 
light imparts to the sensation that oharatti^ 
which we know as colour ; but some o f ' 

properties of colour vision arc of groat practit^ 
importance. 

If we loolc at two areas illuminated by ligfci - 
of different wave - lengths and vary th«f 
relative intensities, wo perceive that there Js * 
certain condition in. which wo apisraieo thf^ 

[ as equally bright, although their eolonra m* 
be quite different. The criterion of aqui 
brightness in such a case is probably pun^ , 
psychological, since there is nothing in Ihl 
external stimuli, nor, as far as is known, i» 
their physiological effects, which can be suit; 
to be equal in any ordinary sonso of the woitt *- 
The mind appreciates the illuminations a* ' 
equally bright when they make equal claimt ; 
on the attention. What dotorniinos ilih 
claim is obscure, and in any case does luil 
concern us here : the important point is ihf 
experimental fact that for radiations td ; 
different Avave - lengths there is a uniqtu? 
relation between the quantities received l*y 
unit area of the retina for wliioh tlio radiation-* 

Avill be regarded as equally bright. | 

^ The degree of brightness produced by n 
given quantity of energy falling on unit atwt 
of the retina in unit time depends on tilt 
wave-length of the radiation, ll'or blue and 
yellow-green lights, for instance, to appear 
equally bright, the energy flux from the bh# 
must be many times as groat as from tlw 
yellow-green. The blue radiation is said to 
be of lower visibility than the yollow-groen. 

The inverse ratio of the energy fluxes requir'd 
to give equality ot brightness may bo regardeti 
as the relative visibility of the two ooloura j 
or, if we take the visibility of tli© yollow-greeitt 
as unity, tho inverse ratio of the fluxMf 
measures tho visibility of tho blue. 

The visibility of monochromatic! jllumination 
throughout the visible spectrum lias been 
‘ Loc, oil. 
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dt'lfiinuu'd by vsiriuus ulf.'srrvi'rs ‘ For a 
nttriuul vvv tlu' snirvc rniuu'rtitis' %iHti«lity 
and wavr IfUKtii i« 'd tlu' birtu sliMwn in Ft>j. 
a, uuiximiiiu vi?.ilnlity ufournuK f*«i- a «nvr- 

'riu* I'urvt' fan Iw* n'lirrm’iilml in u t-bk**' 
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Mlmisjltl luu*. Till* I'lirri'v itiHlnliiitinii ruivi* 
nf a " blui'k bnily ” at nlHHI t'., wlurb rnii 1 h' 
I'tib'ulfttctl ft'nm IVii-n'si lau. may bi* lakrii 
m tlu* atnmlartl "uliiti*'' liubt. In jirartu’i* 
tlu* nuliiiUnji frutn the rniti't* nf lui I'lurtrii* 
arc is iibuiii the while;*! artilirial lit'hl. luul 
i*4 the smirce tu which tlu* nmjunty nf llu* 
Ciiluur visinti tictriiumHlmuH i«f Abucy aiul 
ulhcrs refer. 

I «.H| Itl'K ASK HATI*tl\tKi!>i, hi the caw nf 
linht which i« imt white, the eye iipjirwiateii 
thm* far turn //wr, Ihijrrr nf Sntumiinn, aiul 
Hrtffhlnfan, A« we tthttU ca**' later, utiy enhiur, 
with the excejiluut uf jnir(ilea jmuI innuetita*, 
can t«* jirmluml by rntsiun u jireiH'r {trnjHir 
tiun nf while ItMht with mutUK’hrumiitu* radia 
turn nf Muitahle wave letiMth. The hur. uf 
. the cnlmir |« apw’itUal by the wave leii|{th nf 
i the mntinehrnfimtte radiatmti ; the deHn*r» nf 
! mttumSMH, nr rather lack nf wiluralind, by 
; tile iHprcentime nf white in the tnlal. The 
i jiercejitinri nf hue is, nf enitrwe, entirely ftib 
jeetive, and the rate at whieh it cliani?e« 
: with wave length ir» very irn«Mtdar. If twn 
i adjacent areiw l«» ilhuninwteii wuh nmnn* 
; eiirtiRiatie light <4 dilTerient wave letiglh*. 
j the eslent hy whti’h these miwt differ fnr a 
; line dtffen*tiee lu Iw |«*r«*ejilil>le mn la* tleler* 
mhtwl at all jmrtu nf the »{)e<'trnm> 'I'het 
dilterence hw lieen tneawiireil hy varlmw 
exjiterinu*Mti'r«,“ 'The curve nhtatned hy dnuPM 
! i« almwn in Fig, 3. The mvetw nf this eurw 


||7j WifiTit t4nnT. A «finudu« in wdileh ^ 
c«»in|»nnenl» nf all wave |eng|h« were j*rr.s»*nl ^ 
m bright (»«*.*»*»« |»rn|H»rtinii«l tn the nrihiiates ;■ 
nf the Vtallithty Clirve Wnllld Unt |irmlttee 
white Ilgiit , fnr in n*<ne •»( the witiri’es nf 
radl4tu*n winch the eye regarda »a while ta 
the enerjty diairdmtwl imifnrinly m the • 

Irinn. F'nr any «rin«l usuirre, fhe reUtive 
»|H««ituy nf light •wntmn jir»<iUiwf by each 
Wsive ^ fesigih i** j»ri«je«rtlnilf»! tn the J*rn»Inel 
nf the nr«lnwlr« «4 the rrs«il4ltty curve Ami the '■ 
energy 4»'4ribMt*8*n r'lirve i»f the *j»«r»'e hsr 
the wave . lefiglh in sjitesllnn, Tht<* |»fmliiel 
lj» ternie»i the nf the »iirfee fnf this 

wave • leiiRih, If the lt»m4m«ltv fnr e*eh 
watP lenuth ta* |»|ni{e«|, a new curve will l»e 
nlitalne*! rliffermii ffnin the yWlulitv enrte 
t»» the ettent th«l the e«efl>* ilrntrilHlIinii 
curve nf the miUfv** dej»arl4 frmn » hnri#«*ntid 

• Kx^nlii, " I|rimS*>4t« W*;*! r u. 

t'hymr4 «l H 

J« :URI, 4hn Vetk 4 Fhm*k . U** n-ert |a«. « in, 
tliurwri 4»»« rf JnsU! Ilftt.XirtllM, 

timf nf Stam,4m4* tHiU . IW«. v 2«t . t«}j. vM 'jas. 
Tntr* tUmm #.’»# .%W, ft'si, »«H, tv. «aS, l‘ 

IJrrSM, ihut.. IUI«, *tH iW, fie*. i%U Um-. IWI3. 
w« H«. 3^4 ?||, SM; Ill-tie »f»»l T<[tr*V*h. 

,t ttmphm Jt tmm . 1 t a. « Iti 7M> , 1 1 • r I i W , 

|n|w, iiHM «3 , l||»|r'. I'titar III ««wl »f»et . 

tnis, %Hni «*, . i'.,|»lrKis <i«.i 

», /‘ajw'f*. sinij Mmil ttmf M4* , Ini-ti, ti%- Ifl", 
'fllia bsl ttsHer-f » « vrfi r»«t«| 4 rle 

n{ j^Swt-inn VWhUKV. 

* IT, K Ivraj, Jewm. F'Nmkkm tmM,., WtS.rlxsii. 4<». 



rtu- a. 

indieaten the misitluty nf the eye In Vftr1«illnri 
«4 «*vp > leMitth at different {nirt« itf the 
Mjrw’trnrn. 

A »lt}|hl ehanMc in hue «4 the huht reflr*eh;*il 
*»r traiittnilttwl hy » wilwtaiice is frerjuently 
the tidrici’d eriterinn tn idiywical and eheiniral 
jrrnwwe*. ami it» ilelwtinri with the iitinwt 
wmdlivity k therefnre nf if«|»nrtAnee, Ft»f 
hi^tariee, the " dn*»* “ *4 JC-ray* adiniriirterwl 
fnr the freatinertt nf rtntwnrm, etc,, in nieMtiretl 
hy the rhfttiie »4 hue nf Sahurmurl |««t4Um, 
which ehjint** itnm leriutii t« nranp* with the 

* .HSelretlef, l» , 4lf, tfi.« , Wie#, Jf*n. lIKsfl. tIB, 

I U A, jftifu**, Jmmmt (tt4, Ane. 4*wi'., ItJf?, 1. 
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th«' liiltrr tinl rsut »s<li .* ’i*4si4.»t4 

tbh’njttura t|j?' »ilfi tits' >1 

'Hk’ .wn'^tnetv s.f sstiy e ritifts.-u tit’l 

Iw grratrsl if Ihr liH-tl i!*>4»siir h ijr^r ’-ih' -4 

thf muHiHsi *4 #‘s'|. li. Iss h 
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aR«'|.«l Isy lilt' 
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llil' r*f}«»s»r. {| Ji aaltts-^tpat 

PSlIS-t lll'ilfil f-'Mi Iw sAsl'illtrsI 1^% 
l*f, *sltrfllail|%'r-l4, l»y a*l«|inft' asiiSnsUp atlS-i'SHaS)* 
tsf 41 llirw Ml slip wliti li 

liwii** ftSlJI*'. I ImI y» l** *i|%- Wm S' an 

» r»t!«*Mr isi Inns aiis| l•y 

iHisliifw ss| s*«r Sltr«%i |srit#s*f% j-'.4issi#» 

It »# twn-mArt l«» « I torts' It a is. 

t#*rwi ”«jss 4 nij|y “ mp id .4 

»rl«« rrklii'n «jsi.*f}i«fe^ ,4 h^hi 

ill firawtirp* |*« iiip nniia f„r lisp 

priiiiiiri» «ijr|j iliiti s | nntia 

*4 Siir'li alira ^ifr! iigbt ll 

ulitJli-M lw» tpiilfftii ||mI lliia |a s|»i|ir< aJN a? Atltafy 

frllMiW; llwefw i» «,* # 

|»r«|wttt «f lit«» f4|siMl» (»»s« nhb h 
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i'Sif Itwpy ®s»niW |S>4 
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tkl« stI m>hmf mittmg: 
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tt'bw'fl ftir- is IS*.! Isa., 
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dividing the line in the inverse ratio of the 
quantities of tire two in the mixture. 

Since the sum of the perpendiculars from 
any point to the three sides of the colour tri- 
angle are equal, all points on the diagram 
represent colours in equal quantities, i.e. 
equal values for a + a'+a". We may take 
this as unity. Any point, therefore, represents 
unit quantity of colour. It then follows from 
simple geometry that the colour obtained by 
mixing two colours represented by points A 
and B, in proportions a: of A to y of B, will 
be given by the point which divides the hne 
AB in the ratio y.x. If the line joining 
any two colours passes through white, the 
colours Are complementary, since by mixing 
them in suitable proportions white is pro- 
duced. . 

For many purposes the relative luminosities 
of the constituent colours in a mixture are 
required. This is not equal to the relative 
quantities of the colours as obtained from tiie 
•colour triangle, since equal quantities of 
different colours on the arbitrary quantity 
convention on which the triangle is based are 
not of equal luminosity. We may obtain the 
relative Iriminosity of unit quantities of any 
colour if we know the relative luminosities of 
equal quantities of the three primarj^s. Sup- 
pose we have unit quantity of colour, C, given 
by C = aR + a'G + a"B, where a -I- a' + a" = 1. 
Its luminosity, Lq, is clearly uLa-t- a'Lo-i a^La, 
where La, Lq, and Lb are the luminosities of 
unit quantities of the three primaries. I®, Lq, 
and Lb are easily determined, so that it is 
possible to calculate the relative luminosity 
of unit quantity of any colour of which the 
trichromatic coefficients are known. 

Having found from the triangle the relative 
quantities of any two colours C and in a 
mixture, it is only necessary to multiply the 
result by the ratio Lc/Lci to obtain the 
relative luminosities of the constituents. Con- 
versely, if it is desired to determine the colour 
which results from mixing, in a given lumin- 
osity ratio, two constituents 0 and of 


The final result of any colour calculation is, 
however, the same on whatever triangle the 
specifications are based. 

Ives ^ has calculated that the relativo 
luminosities to be attributed to the sensa- 
tion primaries are Lii = 0-648; Lq = 0-336 } 

Lb = 0-01 6. These are expressed so that 
their sum is equal to unity. The luminosity 
of unit quantity of white, for which 
a=:a' =a"=^, is therefore ^(Lr-i- L a+ L b) = 

It is necessary for many colour measure- 
ments to have the spectrum colours plotted in 
the triangle. This is done by taking tho 
values a, a', and a" for different wave-lengths 
from the mixture curves of tho spectrum, 
obtained with the primaries for which the tri- 
angle is constructed, and plotting the points 
at their proportionate distances from the thro© 
sides. If as primaries we take tho three 
sensations we use the sensation curves o£ 
Fig. 4 {b). In Fig. 5 the spectrum is shown 
in the fundamental colour sensation triangle, 
the new red curve of Fig. 4 {b) being employod 
in its construction. 

We can now express any colour, of whioh. 
the sensation coefficients are known, in termH 
of its spectral hue and degree of saturation. 
Take the colour whose sensation values nr© 
•55R+ -SOG-f- -ISB. It is represented by P, 
Fig. 5. The line WP produced cuts the* 
spectrum curve at H, where the wave-lengtH 
is -611^4. 

The hue of the colour is that of the spectrum 
at -611^, and it is diluted with white to tho 
extent of lOOHP/HW per cent =43 -3 per con t 
on the quantity basis. 

To obtain the percentage luminosity of the* 
white we must multiply this figure by thes 
ratio of unit quantity of white to unit quantiLy 
of the total colour. As we have already soert 

L^v =0-333. 

Lo=0-55 X 0-648 -f- 0-30 x 0-336 + 0-16 

X 0-016 = 0*450. 


^ Journ. Franklin Inst., 1015, clxxx. 409. 
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disappears, leaving only a nondescript grey. 
This variation of colour sensitiveness with 
intensity is known as the Purkinje effect. 
Unless care is taken to work at suitable 
intensities, it may introduce undesirable 
complications into colorimetric measurements. 

Not only do the colour sensations vary with 
intensity, but they are not constant for all 
parts of the retina. Within the macula lutea 
or “ yellow spot ” there is considerable absorp- 
tion towards the blue end of the spectrum. ^ 
This region is therefore relatively more sensi- 
tive to red than regions just outside it. As 
we recede from the centre the visibility curve 
changes in approximately the same way as 
when we reduce the intensity, the peripheral 
portions of the retina being quite colour-blind, 
and all colours appearing of the nondescript 
grey afready referred to. The reason why 
this is never noticed in ordinary vision is 
because of the very great difficulty of seeing 
anything distinctly at any distance from the 
fovea. 

To explain these phenomena the “ Duplici- 
tats Theory ” of von Kries assumes that the 
colour sensitive mechanisms are associated 
with the cones, and that the colourless sensa- 
tion, which predominates at low intensities and 
towards the periphery of the retina, is located 
in the rods. The cones are only excited at 
comparatively high intensities, and the Purkinje 
effect is explained by the gradual passage 
from cone to rod vision as the intensity is 
reduced. The relative concentration of the 
cones is greatest at the centre of the retina, 
diminishing practically to zero towards the 
outskirts. Hence the passage from chromatic 
to colourless vision from the centre outwards. 
In most eyes there are no rods at all at the 
centre of the fovea, and in this region the 
Purkinje effect is found to be absent, there 
being no light visible when the colour has 
disappeared. 

§(15) Dark Adaptation. — The sensitiveness 
to faint light depends very considerably on 
the length of time which has elapsed since last 
the retina was exposed to a bright illumina- 
tion. Every one is famihar with this pheno- 
menon. It requires about ten minutes to 
become completely dark-adapted, and the 
sensitivity to feeble illumination is then 
about a htmdred times as great as it is 
immediately after exposure to daylight.® Ac- 
cording to Parinaud,® dark adaptation is 
entirely due to the increased sensitivity of 
the colourless sensation. Thus at the red 
end of the spectrum, where there is no change 
of hue and no passage into colourless vision 
on diminishing the intensity, there is no gain 
in sensitiveness due to adaptation. The 

1 Abney, Colour Vision, p. 91. 

® Abney, loc. cit. p. 120. 

“ Ann. d’Oc., 1894, t. cxii. 228. Vide Tschernlng, 
Optigue physiologigue, p. 226. 


effect of adaptation commences about the 
C line (X = -656 /a) and becomes of mcreasing 
importance towards the blue end. Fig. 6 
shows Parinaud’s results. The lettering indi- 
cates the Fraunhofer lines. The ordinates 
indicate the quantity of light necessary in 
order to be perceived. The upper curve 
refers to the dark-adapted eye and the lower 



to the non-adapted eye. The unit chosen is 
the quantity required by the adapted eye in 
the neighbourhood of E (-527/4, green). The 
figure shows that the non-adapted eye requires 
100 units ^ at this wave-length as against 1 
for the adapted eye, and 1500 units for blue 
light in the neighbourhood of the G line, as 
against 100 for the adapted eye. The increase 
of sensitivity on adaptation is not due, how- 
ever, to increased sensitivity of the colour 
perception, but only of the colourless rod 
vision. At the centre of the fovea, where, 
as we have seen, there are no rods, and m 
consequence no Purkinje effect, there is also, 
according to Parinaud, no dark adaptation. 

§ (16) Visit ad Fatigue and Successive 
Contrast. — When a bright object is viewed 
steadily for some time it becomes appreciably 
fainter, due to the elements of the retina on 
which the image falls becoming fatigued. The 
effect of fatigue remains for some time after 
the stimulus ceases ; and, if the gaze be 
transferred to a uniformly illuminated surface, 
a dark “ negative image ” of the bright object 
will be seen, due to the diminished sensitivity 
of the part of the retina previously occupied 
by it. If the object is coloured, that sensation 
which is most stimulated is also most fatigued, 
and the negative image is of a colour approxi- 
mately complementary to that of the object. 

* Compare Abney’s result supra. 
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This phenomenon is known as Successive 
Contrast. It is not, of course, a true contrast 
effect. True or simultaneous contrast is 
observed when two areas of different bright- 
ness adjoin each other. Near the junction 
the brighter area appears even brighter and 
the darker area even darker than at places 
remote from the junction. If the areas are 
of slightly different colours the difference is 
intensified by contrast in the immediate 
neighbourhood of the junction. Contrast 
effects of this character disappear almost 
entirely if the areas are separated by a black 
line. Diffuseness of the border appears to 
favour the effect. 

If a screen is illuminated by two lights, one 
of which is wliite and the other coloured, and 
an object is placed in front of the screen, it 
will cast two shadows, one of which is illu- 
minated solely by the white hght, and the 
other solely by the coloured hght. The 
former, which ought to appear white, appears 
coloured. The colour is approximately com- 
plementary to the colour of the coloured 
light, though according to Abney it is not 
always exactly complementary. . Tscheming ^ 
accounts for contrast colours obtained in such 
circumstances as due to defective judgment 
of white. There is always a tendency to 
take a large illuminated area as white, unless 
it is very strongly coloured. Even then it 
appears whiter than it should, the “ white ” 
with which it is mentally compared being 
tinted with the colour in question. If, then, 
a small area of true white exists in such a 
background, it is poorer than the temporary 
standard white in the colour with which the 
latter is adulterated, and, therefore, appears of 
the complementary colour. 

Contrast effects, both of brightness and 
colour, are of great importance in connection 
with the design of photometers and colori- 
metric apparatus. 

§ (17) Time Effects. — When a light is 
suddenly turned on it is not immediately 
perceived, nor, when it is turned off, does 
perception immediately cease. The time lag 
in the second case exceeds that in the first 
case, with the result that vision of an instant- 
aneously exposed light (for instance, an 
electric spark) persists for an appreciable 
time. Thus if a light is rapidly intermittent, 
the impression of one exposure may still 
persist until the next exposure, and the light 
will be seen continuously. The period which 
may elapse between successive exposures 
without the appearance of flicker may be 
termed the duration period. The total 
duration, of course, exceeds tliis considerably. 
E. L. Nichols ^ and E. S. Eerry ^ have deter- 

^ Opligue physioloaigue, p. 221. 

» Am. J. Sci., 1884, xxviii. 243. 

» Ibid., 1892, xliv. 1 92. 


mined the duration period as defined above. 
The general results are as follows : 

1. The persistence decreases as the intensity 
increases. 

2. It varies with wave-length, being greater 
towards the ends of the spectrum than at 
the middle. 

3. It is greatest for very short exposures. 

4. It differs for different eyes. 

5. An average duration under ordinary 
conditions is from to second. 

§ (18) Talbot’s Law. — The apparent in- 
tensity of an intermittent light is diminished, 
even if the intermittence is so rapid that con- 
tinuous vision results. Talbot * enunciated the 
law that the apparent intensity of the light in 
those circumstances bears the same ratio to 
its actual intensity as the time of exposure 
to the total time. Thus if the period of 
exposure is equal to the period of eclipse the 
intensity is diminished 50 per cent. Talbot’s 
Law is utilised in the employment of rotat- 
ing sector discs to cut down the intensity of 
light without altering its spectral composition. 
Contrary to the results of earlier workers,® 
E. P. Hyde ® has shown that the law holds 
for all sector openings, at any rate down to 
10°, and for all colours. 

§ (19) Visual Diffusivity. — The time lag 
which precedes the perception of light has 
not so far been measured ; but it is easy to 
measure its variation under different con- 
ditions. H. E. Ives ’ has shown that it 
diminishes as the intensity increases, and 
increases from the red end of the spectrum 
to the bin e. It is greatest of allf or the colourless 
rod vision, this, in fact, constituting the 
“ after image ” which is seen about half a 
second after a bright flash. Ives shows that 
these various phenomena are all consistent 
with the theory that the transmission of 
impressions from the retina to the brain is m 
accordance with the physical laws of conduc- 
tion, the stimulus being transmitted through 
matter having a coefficient of diffusivity 
which varies with wave - length and in- 
tensity. He deduces that for coloured light 
the diffusivity is a rectilinear function of 
the logarithm of the stimulus intensity ; 
and the time lag, t, which varies inversely 
as the diffusivity, — l/(a log I-f-6), a and b- 
being constants for the wave-length con- 
cerned. Thus the difference of lag for two 
different intensities is 


a log Ii -f 6 a log I^ -I- 6 


* Phil. Mag., 1834. v. 327. 

' Ferry, Phys. Rev., 1893, i. 338 ; see also Lummer 
and Brodhun, Zeits. Instrumentenh., 1890, p. 229, for 
a general discussion of Talbot’s Law. 

» Bull. Bur. Bids., 1906, ii. 1. 

’ Phil. Mag., 1917, xxxiil. 18, 
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For two different colours, red and blue say, 
at the same intensity, 

t-B log I + d a log 1 + 6' 

In a series of papers ^ Ives and Kingsbury 
have shown the importance of visual diffusivity 
in the theory of the Fhcker Photometer. 

Many interesting phenomena related to the 
subject-matter of this and precedingparagraphs 
have been described by Shelford Bidwell,® 
but a description would be outside our present 
scope. 

IV. Dioptric Properties 

§ (20) Acoommodatiok. — The power of the 
normal eye in repose is approximately 59 
diopters. By the process of Accommodation . 
the power can be varied at will so as to bring 
objects at various distances into sharp focus. 
This power is greatest in children and dimin- 
ishes regularly with age. Its range is about 
10 diopters at 20 to 25, about 2 diopters at 60, 
and is negligible above 60 years of age. While 
these figures apply approximately to the 
conditions of daily use, the actual amount of 
accommodation called into play is not equal 
for all parts of the eye, the accommodation 
at the centre of the pupil being greater than 
near the periphery. This is due to the fact ® 
that during accommodation the anterior 
surface of the crystalline lens increases 
in curvature near the centre but actually 
flattens near the periphery. Nature compen- 
sates for this by reducing the size of the pupil 
when the eye is accommodated for near objects, 
thereby cutting out the perijiheral regions, 
which would otherwise spoil the definition. 
If the pupil is flilated by some drug which 
does not affect the range of accommodation,* 
the deterioration of the definition for near 
objects is usually marked. 

§ (21) The Pupil. — ^This is the name given to 
the circular aperture of the eye. It is usually 
concentric with the optic axis, i.e. with the 
line through the centres of curvature of 
the various refracting surfaces. The centring 
of the eye is never exact, though the departures 
from it are rarely important. The most 
common defect is that the centre of curvature 
of the cornea is not on the axis of the crystal- 
line lens. The error may sometimes amount 
to a quarter millimetre. Occasionally the 
pupil is displated outward from the axis. 
Relatively large defects of centring do not 
appear to detract from the acuity of vision. 

The pupil diameter alters under various 


^ Ives and Kingsbury, Phil. Mag., 1914, p. 708 ; 
Phil. Mag., 1916, p. 290 ; Ives, P?dl. Mag., 1917, xxxiii. 
360. 
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Proc. Roy. Soc., 1894, p. 132. 

Tscherning, Optigue physiologique, pp. 160 and 


influences. The mechanism by which this 
happens is complex and is not completely 
understood. As mentioned in the last para- 
graph it varies with the degree of accommoda- 
tion and also with the intensity of the hght. 
As regards the former effect, J. W. French ^ 
found it to be negligible until, for a normal 
eye, the distance of vision came within about 
30 cm. Thereafter the contraction was rajiid. 
In a particular experiment the pupil shrank 
from 6-5 mm. at 30 cm. to 3-5 mm. at 10 cm. 

As regards the second effect French found 
that the pupil area could be represented over 
a large range of brightness by the relation 

AccI-1. 

Thus, in order to reduce the area of the pupil 
by half, the intensity would have to increase 
thirty-two times. The above equation is for 
the central area covered by the macula lutea. 
French also investigated the effect on the pupil 
of hght falling on other zones of the retina. 
The most sensitive zone is the one just outside 
the macula, the index for this zone being 
— On going further from the centre the 
effect diminishes, the peripheral zone being 
very insensitive. In French’s words : “ This 
portion of the retina requires aU the light it 
can get, and the pupil opens out to nearly its 
maximum diameter and responds but little 
to variations of intensity.” 

It is usually stated that the two pupils 
always vary together, even if the intensity 
to which they are exposed is widely different. 
This view is undoubtedly based on consider- 
able evidence rmder ordinary conditions of 
vision ; but French describes experiments 
in which one pupil remained of constant size 
under constant Ulumination, while the other 
varied over a wide range under varying 
illumination. 

This independence may not be common to 
all eyes, but it is evidently unsafe to assume 
that in all circumstances the two pupils will 
be of equal diameter. 

§ (22) The Line oe Sight : Fixation. — ^When 
the observer “ looks at ” a particular object 
he is said to fix it. The line joining the front 
nodal point of the eye to the point of fixation 
is termed the line of sight. The image of 
the point of fixation is formed on the fovea 
centralis, but only a very minute area is 
fixed at a time. In fact, however close two 
points may be, provided they can be seen as 
separate points, it is also possible to say that 
one of them is being looked at rather than the 
other. 

Contrary to what might be expected, the line 
of sight is not coincident with the optic axis. 
It is inchned inwards and downwards with 
respect to it by 5 to 7 degrees. Since it passes- 


E.g. cocaine or homatropine.. 


' Trans. Opt. Soc., 1919, xx. 209. 


EYE, THE 


through the front nodal i^oint it docs not i)asB 
through tlio centre of the pui)il, but tlirough 
a point about half a inilliinotre from tho centre 
towards tho nose. This is tho normal case ; 
in bad cases of oxcontricity, however, the 
pupil may bo so far off tho axis that tl;e ray 
which represents tho lino of sight docs not 
enter the pupil at all. 

It is difficult to account for tho uniqueness 
of the lino of sight and tho curious solective- 
noss by which wo can look at cither of two just 
separable points and not at both simultaneously. 
It probably arises not from any property of 
tho oyo but from tho inability of tho mind 
to direct attention to more than one point of 
tho image at a time. 

Tho definition falls off very rapidly from tho 
centre of tho retina outwards. Few people 
realise tho very bad picture which tho eye 
forms. Tho fact that wo only look at one 
point at any moment prevents us from 
realismg that tho great bulk of tho picture is 
only a suggestive blur ; for immodiatoly any 
part of it attracts our attention wo auto- 
matically dirocb tho lino of sight to it andyf® it. 
It is only after some training that an observer 
is able to give some attention to objects other 
than tho one fixed. This renders very difficult 
measuromonts of tho i)roportios of non-fovoal 
regions. Only a subordinate degree of atten- 
tion can bo given to tho observation, for tho 
primary portion is moxorably demanded by 
tho object at the point of fixation. Tho 
moment one gives loss attention to this than 
to tho marginal object tho lino of sight is 
immediately switched over to tho latter, whicli 
then ceases to bo marginal, "fliis divided 
attention, combined with tho bad definition, 
renders such observations among tlio most 
difficult in iihysiological optics. 

§ (23) Thh Naturh oif THU Imaok : Effect 
OF Diffbaotion.— -If optically perfect, and 
subject only to tho limitations imiiosod by its 
aperture, tlio eye could resolve objects 26 
seconds apart when thopupil diameter is 5 mm., 
i.e. tho imago of a point would bo a diffraction 
pattern with a central disc about 60 seconds 
diameter. According to Hooke, for two 
luminous points to bo perceived separately 
there must be at least one unaffected cone 
between those rocoivhig the images. The 
angular diameter of a cone at tho centre of 
tho fovea is about half a minute, so that tlio 
images of point sources wore really points, 
the structure of the retina would permit 
resolution of pomts about 30 seconds apart. 
Since, however, tho images are discs of appreci- 
able area, tho centres of such discs must be 
further separated in order that there may ho 
a cone between them receiving substantially 
loss light than those on cither side. 

Hooke found that for very good eyes the 
miiumum separation for resolution is about 
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a minute. This result was confirmed by 
V. Holmboltz, and is the general experience 
in tho case of acute eyesight. 

The size of tho diffraction disc is proportional 
to tho wave-length of tho light, being nearly 
twice as great for red as for blue light. 

Tho imago of a point is not, however, de- 
termined by diffraction alone, benng affected 
by spherical aberration, astigmatism, and 
cliromatie aberration. 

§ (24) SmuciiiaAL AnioiuiATiON. — • Tho 
majority of eyes aro “ uncler-correctcd ” for 
spherical aberration, tho marginal portions of 
tho refracting system having shorter focal 
length than tho centre, but various cU^grecs of 
correction, sometimes oven over-correction, 
aiTi encountered. Frec|uontly there aro dilhu'ent 
degrees of eorroetion in diffoixuit zones or 
regions. For instance, aberration may bo 
corrected for one meridian, bub \inder- or over- 
corrected in tho meridian at right angles. 
Whore tho pupil is exeentrieally placed, 
aberration of ()p2)c)sitti signs may bo on- 
countered at opposite sides or at the toj) and 
bottom. During accommodation for near 
objects tho flattening of tlio periiilu'ral portions 
of tho lens tends to correct the usual sjihcrical 
aberration, and may oven over-eorroct it 
when the degree of aceommodation is con- 
siderable. 

§ (26) AaTroMATiSM. — Nearly all eyes show 
some astigmatism, or variation of power 
in different meridians. When at all marked, 
it results in tho imago of a ])c)inb source being 
no longer a eire.ular disc but a more or less 
elongated ellqise. Lines parallel and jier- 
pondicular to the axes of the cdlipso cannot 
bo simulbanoously foeiiHsod, wliile lines at 
intermediate angles cannot bo slunply focuKSod 
at all. Astigmatism can usually be corrected 
by moans of cylindrical lenses of siiitalilo 
power suitably orientated with respect to 
the astigmatic! ellipse. 

Tho ohiof seat of astigmatism is in tho 
cornea, tho anterior surface of which may have 
different curvatures in cUfferonb diroctions. 
Tho astigmatism is termed direct if the greater 
power is in tho vertical inorklian, and vnvcrac 
if it is in tho liorlzcmtal. In other oases it is 
termed oblique astigmatism. 

Among a number of persons examined by 
Nordonson,^ 9 per cent had no astigmatism, 
77 per cent had diroot, 1 per cout inverse, ancl 
12 per cent oblique astigmatism. It appears 
that astigmatism alters witli age, the inc'erso 
variety becoming more frequent in older 
people, owing to tho inoroasing tension of 
tho cornea. Tlrore is no noeessary relation 
between the astigmatism of tho two oyc's. 

The term irregular aatigmatmn Is applied 

' *' EGchorcheH ojilitalmomi'tlrhiueH siir I'afiblR- 
matlamo de la eorn^e,’' Ann. d'Oe,, 1883; vide also 
Tschcrnlng’s Optiquo p/iy$iolooiqim, p. 117. 
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to cover any defect of refraction which cannot 
be corrected by means of a suitable lens. In 
many cases the image of a point is neither a 
circular nor elliptic patch, but may be of the 
most fantastic shapes. If such defects are 
pronounced the vision is poor and cannot 
be rendered normally acute with glasses. 

We shall see later that astigmatism may 
seriously affect the judgment in certain optical 
measurements. 

§ (26) Chromatic Aberration. — ^The eye is 
only shghtly . corrected for chromatic aberra- 
tion. Its chromatic properties are very 
similar to what they would be if its contents 
were replaced by water.^ Usually the 
actual curves connecting focal length and 
wave-length are slightly flatter from •52/x 
to -QQ/j. than the curves for a simple water 
eye ; but in many 
cases they are diflScult 
to distinguish. The 
power for hght near 
the mercury hne at 
•436/i is usually about 
1^ diopters greater 
than for yellow light. 

In ordinary vision the 
effects of chromatic 
aberration are not 
noticed as the eye 
accommodates so that 
the brightest part of 
the spectrum — the 
yellow green — is in 
focus, the red and blue 
rays focussing behind 
and before the retina. 

There is therefore a 
bright image sur- 
rounded by a faint 
purple halo due to the superposed red and 
blue circles of diffusion. This halo is not 
noticeable under ordinary conditions ; but 
if only part of the pupil is utilised, as, 
for instance, when half of it is obscured 
by a card, effects due to chromatic aber- 
ration become manifest. A . bright point of 
light or a luminous line, such as the filament 
of an electric lamp, appears drawn out into 
a short spectrum with the red end apparently 
towards the screen, that is with the red rays 
striking the retina at the other side of the optic 
axis from the screen. The reason for this is 
at once apparent when it is borne in mind 
that the blue rays have crossed the axis 
before meeting the retina while the red rays 
have not. 

§ (27) Chromatic Parallax. — The experi- 
ment just described is even more striking if, 
instead of employing half the pupil, a slit 
or “ pinhole ” about 1 mm. wide is placed in 
front of the pupil, as far to one side as possible, 
‘ P. G. Nutting, Proc. Roy. Soe. xc. 440, 


and two thicknesses of “ Cobalt glass ” are 
interposed. The glass transmits a little red 
light as well as blue, cutting out the central 
portions of the spectrum. Under these 

circumstances two separated images of the 
filament will be seen, one red and one blue. 
Their positions will obviously be reversed if 
the hole is moved to the other side of the 
pupil. Thus on moving the hole to and fro 
in front of the eye, or moving tlie eye behind 
the hole, the red and blue images will move 
to and fro. This effect has been termed 

Internal Chromatic Parallax,^ because the 
separation of the different coloured rays takes 
place entirely within the eye, the incident 
pencils being coincident. 

If, instead of a single source emitting two 
kinds of hght, we have two sources, one blue 
and the other red, we 
may place them at 
such distances from 
the eye that both 
images are focussed 
on the retina. If the 
line joining the objects 
coincides with the hne 
of sight, the images 
will also coincide. In 
this case, represented 
in Pig. 7 (n), the cones 
of coloured rays within 
the eye are coincident. 
Consequently there is 
no apparent displace- 
ment of the red and 
blue images on insert- 
ing an excentric pin- 
hole in front of the 
pupil, as in Fig. 7 (6). 
If, however, the eye is 
moved relative to the hne joining the objects, a 
displacement of the images occurs, as is evident 
from Fig. 7 (c), each image l 3 dng on the hne 
joining its respective object to the nodal 
point N. Since rays from ah parts of the 
pupil converge to r and b their displacement 
is unaffected by the interposition of a pin- 
hole ; it therefore takes place even if the 
movement of the eye is behind a fixed stop, 
Fig. 7 (d). This phenomenon is termed 
External Chromatic Parallax to distinguish it 
from the previous case. 

It might appear that external chromatic 
parallax, since it is only evident on moving 
the eye relative to the hne joining two non- 
coincident objects, is simply the ordinary 
parahax always observed between objects 
at unequal distances ; but they are in reahty 
quite different, as the effect of a small stop 
is exactly opposite in the two cases. In the 
ordinary case when objects at unequal dis- 
tances from the eye are seen by white hght, 
“ Guild, Proc. Phys. Soc., 1917, xxix. 311. 
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or light of tlio same colour, the images are also 
at different distances, the image of the more 
remote object being in front of that of the 
nearer object. Also, rays wliieh are coincident 
in the incident beam are cciually refracted, 
and are tlioroforo coineddont within, the oyc. 
It follows from those two proi)ortieH that 
ordinary parallax will bo observed if a small 
atop is moved across the eye, even if the latter 
remains fixed, but will not be observed on 
moving the eye behind a fixed stop. External 
ehromatic parallax, as wo have seen, is 
observed on movhig the eye behind a fixed 
stop, but is not observed on moving the atop 
before the fixed eye. Like internal chromatic 
parallax it arises wholly from the different 
refrangibilities of the two colours. 

If we start with two coincident objects of 
different colours and gradually separate them 
until they are in the relative positions of Fig. 7, 
the amount of chromatic i)arallax observable 
on moving the slop in front of the fixed eye will 
gradually dimmish to zero. The amount 
observable on moving the eye behind the fixed 
stop will be made ui) of a diminishing amount 
of internal and an increasing amount of external 
oliromatic parallax. It is easy to show that 
tho total parallax is constant wherever the 
two objects may ho.^ (Uiromatic parallax 
may give serious trouble in at)octroscopic 
work when sotting cross-linos on coloured 
spectrum lines. In well-designed instruments 
tho power of tho telosoopes employed is about 
Ifi to 20 magnifications for eacfii inch (2'5 cm.) 
of effective ax»erturo. Tho “ exit x)upil ’’ of 
tho tolo 80 ox)o is therefore only from 1 to 2 mm. 
in diameter, and ooastitutos a small fixed 
stop through whioh tho objects in the field 
of view arc soon. In making observations on 
blue and violet lines the observer frequently 
doi)endH on scattered extraneous light from 
tho brighter portions of tho spectrum to pro- 
vide general illumination for tho cross-Uncs. 
Tho cross-linos and s|)ectrum lino are tlioro- 
fore seen by light of different wave-lengths, 
and ohronmtia parallax effects are produced 
between tliom with slight movements of the 
eye. As wo have just soon, this esannot be 
got over by focussing (that is, alteiing tho 
relative distances from the eye of cross lines 
and spectrum lino). 

Suitable methods of overcoming the diffi- 
culty are mentioned in another article.® 

§ (28) Visual AnuiTY.— -The clearness with 
whioh tho eye can see detail is termed its 
acuity. Even when tho correctable defects 
of rofraotion, such as sliort or long sight and 
regular astigmatism, have been correoted by 
suitable spectaolos, there are still considerable 
variations in tho acuity of different eyes. 

Acuity is usually tested by means of tlio 

‘ Guild, Proe. Phi/B. Soe., 1917, xxlx. 311. 

“ " SpectroBcopos and llt'fractomefcers." 


Snellen Chart, which consists of a mimlK-r of 
rows of letters of different sizes, b’or xmit 
acuity a row of h'ttc'rs should be legible at 
such a distance that ('acli letter subtends at 
tho eye an angle of 5 minute's. Tho lines 
and spaces comi)osiug tho h'.ttors subtend on 
an average 1 minute. If a row can just he 
read when the letters subtend x minutes, the 
acuity on tho Snollon scale is 5/x. This 
standard is somewhat low, good eyesight 
being roi)rosonted by about 1-C. 

Tho acuity dopemds cm tho brightness with 
which tho object is illuminated. .Druault 
found that willi a test chart illuminated by 
O-OIG candle at a metre, the acuity was as 
low as ()'07r>. It increased witli brightneHS, 
rajudly at first and thou more slowly. It 
reached 1-0 for an illumination of Tfi candle 
metros, l'2r> at 10-7 and 1-60 at 5400 candle 
metros. Tlio variation is theroforo very slight 
over on enormous range of brightnesa. 

The diminution of acuity at low intensities 
is more rajiid at tlie red than at tho blue end of 
tho spectrum. 

§ (29) ComewKNam of Ohjkoth in Irircwi oic 
ViHW.-— -Many important o])tical and jihysical 
moasuromonts depend on tlio determination 
of tho coinoidenco of two suitable objects 
in tho field of view of an oxitical instniment. 
Tho setting of toleseoiio eross-linos on' spectrum 
linos, or on tho imago of a distant staff, are 
cases in xioint. With suitable pairs of objects 
tho oyo is able to make adjustments of this 
typo with very great xirecision ivulc'ed, provided 
tho noeoHsary preeautions are taken to jirevent 
avoidable errors. Many different types of 
sotting are used for various jmiposes ; but it 
will be Huffieient, in order to illustrate tho 
oai>abilitioH of tho eye in this roHjicet, to quote 
the aoouraey with wliieh want of alignment 
botwoon two halves of a straight line eQ,n bo 
dobooted. Settings of this kind are mot with 
in tho use of soales and vertiiers, and also in 
tho coinoidenco typo of rangefinder. Tho 
field of view of such an instrument is in gi'iioral 
divided into two x>arta by a horizontal lino of 
division. In the upper half one sees the saino 
objects as in the lower half, but ujiside down. 
Tho measurement is carried out by adjustuig 
tho two images of tho distant object— a 
flagstaff, for instance - so that one is exactly 
above the other as iiulieated by the coineiclenco 
of tho images at tlio lino of deniareation. 
J. W. Erencli ® has investigated tho xireeision 
with whioh such settings can bo made and tho 
errors to which tliey are liable. Settings were 
mode with various thicknessos and lengths 
of lino and with various widtiis of dividing 
line between the two fields. It was found 
that under favourable conditions readings 
could be repeated so closely that tlio deparlmro 
of on observation from tho mean of a series 
“ Tran/. Opt. Hoe., 1020, xxi. 127. 
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was only about half a second of arc, or less 
than a hundredth part of the displacement 
necessary for the resolution of two lines. The 
precision varies with the angle which the 
length of the lines subtends at the eye, there 
being practically no aligning power for lines 
under 0-6 minute. As the length increases 
the precision improves up to a length of about 
12 minutes, beyond which there is no further 
improvement. The thinner the Unes the more 
rapidly the final precision is reached, but its 
actual value is nearly independent of the 
width of the lines. 

The precision is reduced by increasing the 
width of the horizontal separating line. Thus 
for a separation of 4 seconds, the limiting 
value of the mean error was IT seconds, 
while for a separating line of 19 minutes it 
was over 5 seconds. 

The mechanism by which this close repeti- 
tion of settings is effected is obscure. In the 
best case mentioned the two retinal images 
were evidently always brought into the same 
relative position to within a sixtieth of the 
diameter of a cone. Tliis is all the more 
surprising inasmuch as the setting when 
made does not really correspond to exact 
alignment. This is at once revealed by 
maldng settings in opposite directions. The 
difference between such settings is greater 
the wider the separating hne. It may be as 
little as two seconds for a very fine separa- 
tion or as much as 40 seconds for a 20 minute 
separation. Not only so, but the mean of 
the settings made in opposite directions does 
not in general give the true setting for actual 
coincidence. There is thus a “ personal 
equation” which may be many times as great as 
the maximum variation of individual settings. 
French traced this error to astigmatism in the 
eye of the observer. The error is zero when 
the direction of the astigmatism is parallel or 
perpendicular to .the separating line, and 
greatest when it is at 46“ to it. 

It is therefore desirable in making all 
settings of this nature that the observer 
should be aware of the direction of any 
uncorrected astigmatism from which his eye 
may suffer, and that lie should so orient his 
head as to bring this direction parallel or 
perpendicular to the lines whose coUinearity 
has to be adjusted. 

This aligning power of the eye does not 
appear to vary greatly with the acuity of 
vision. Thus French found that in certain 
experiments the brightness could be reduced 
1000-fold without detracting from the pre- 
cision. The actual illuminations were not 
stated, but the visual acuity was probably 
poor at the lower illuminations. This is in 
accordance with general experience with 
other types of coincidence setting, in whicli 
the definition may become surprisingly poor 


before the precision of setting is apjneciably 
affected. There is still considerable obscurity 
as to what property of the eye is responsible 
for the precision with winch these various 
settings can be made, but it is certam that in 
many cases the sense of symmetry jdays an 
imj)ortant part. j ^ 


Eye, Adaptation- op the, in Photometry. 

See “ Photometry and Illumination,” §§ (31) 

and (126). 

EYEPIECES 

§ (1) Tntrodhctoby. — Ordinary optical in- 
struments intended to be used as aids to 
vision, other than those designed to correct 
individual abnormalities in the eye, are for 
the most part divisible into at least two 
portions, the first, called the objective, form- 
ing a real image of the object to be examined, 
and the second, which is used in close 
proximity to the eye, the eyepiece. Eye- 
pieces in normal use always form virtual 
images of the real image produced by the 
earlier part of the instrument, though it is 
to be observed that regarded as an eyepiece 
object the earlier image may be virtual. 
As might be expected from the similar condi- 
tions desirable in the emergent rays, very 
similar constructions in the eyepiece are suit- 
able for use in a wide variety of instruments, 
and from this circumstance the eyepiece has 
come to be regarded as an independent optical 
system which can be transferred as a unit 
from one apparatus to another without detri- 
ment to the perfection of the visible image 
presented to the eye. For many purposes 
this is sufficiently nearly the case, and the 
same eyepiece may be used in a laboratory 
for widely differing work. When extreme 
conditions are encountered it is no longer 
the case that the best results are obtainable 
from an eyepiece of normal type. It is there- 
fore only within limits that eyepieces may be 
regarded as separate instruments ; beyond 
these limits the most satisfactory eyepieces 
must have peculiarities in their design which 
unfit them for general work while making 
them excellent for the special purpose for 
which they are intended. In these cases it 
is essential that the eyepiece should be 
regarded as an integral portion of the optical 
system to which it belongs, and the character 
of the corrections attained by it will depend 
upon the division of properties between the 
objective and eyepiece which the designer 
finds most convenient under the circumstances 
special to the particular instrument. 

§ (2) Huygens’ Eyepiece. — The most 
familiar apparatus in which separate eyepieces 
are used are the microscope and telescope, 
and the kinds of eyepiece most frequently 
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provided with tlieso are known as the 
Huygenian and tiie Ramsdon. In their 
simplest forms both arc built of two sei)aralpd 
plano-convex lenses. In the Huygenian eyc- 
])ieco {Fig. 1) both lenses present their convex 
faces to the incident light, their sciiaration is 
very nearly equal to half the sum of the focal 
lengths of the components, and the lens 
nearer the ohjoctivo, called the held lens to 
distinguish it from the second lens, which is 
called the eye lens, is always of greater focal 
length than the eye lens. For eyepieces of 
short focal length, suitable for procuring high 
magnilications, the ratio of the two focal 
lengths is about 3 : 1, and as tho focal length 
increases this ratio diminishes, until for the 



li’ia. 1. — Huygens’ liyoploco. 


eyepieces of greatest focal length it may bo 
about 3 : 2. Since this inequality involves a 
real focus for incident parallel light travelling 
in the reverse direotiou through the instrument 
before tho field lens is rcachod, and oonso- 
qnently a virtual final image, for that liglit, this 
oyojnoce cannot bo used for tiro direct oxaraina- 
tion of a real object, and by analogy with 
simple lenses has thorefoi'o been termed a nega- 
tive eyepiece, fi’lio term is quite inappro})riato 
and misleading, for in so far as “ ijositivo ” 
and “ negative ” arc-i at all suitable for ap])lioa- 
ti<m to oj)tioal systems in general they must 
relate to tho sign of tho power, whicli is in 
this case positive as for each component lens. 
In fact, if the ratio of tho focal lengths is m : 1, 
tho elements from whioh a system of power k 
must bo constructed are 

2k 

Power of field lens 

in -I- r 

Power of eye lens 

m 4- P 

Separation . 

^ 4mK 

Ifiio positions of tlie i)rincij)al foci are distant 
respectively from tlio field and eye lenses 


tho negative sign in tlie former case indicating 
that tho focus is virtual. 

§ (3) IlAJviaDKN’s Rykpikok.— -In Ramsden’s 
eyepiece {Fig. 2) tho two lenses are of equal 


1 focal length, their separation being somewhat 
I less than tho focal length of eitlier, generally 
I fi’om 2 to §. 'Pho most obvious dillerenec, 



however, is that tho field lens is reversed, 
thus presenting its plane side to tho ohjeetive. 
If tho ratio of tho scjiaratiou to the focal 
length of a component is «, tlie data for tho 
construction of a system of ])owor k arc 

Power of either (lomponent: • ^ 

Separation 

Tlie prineijial foci Ho outside tho lenses at 
clear distances of apiiroximatoly {l~n)fK 
and tho oyoiiiccio is very convenient for use 
in oxamining a real object. In particular, 
this property causes it to bo generally used 
in conjunction with a thread miorometor for 
lino measuromonts of position. 

§ (4) EvisinEoifl Tuicohv.-— These two eye- 
pieces scorn to have been evolved without 
the guidance of any adequate theory, and it is 
thus of inten'st to consider how they compare 
with the forms to wliich in’csent ihoorios would 
load.’ It is to be remarked in the first place 
that for the attainment of a large field of view 
tho presence of a field lens is uoctessary, tlio 
olToet being to bend towards tlie eye lens rays 
that would otherwise roach tho transverse 
plane in which this lens is situated at too 
groat a distance from tho axis to ho transmitted 
out of tho instrument. Tho oyepieco must 
thus consist of at least two well - sojiaratod 
lenses, and theso will evidently both bo of 
positive power. Another important eonsidora- 
tion is that tho eye is external to tho instru- 
ment, and attention is directed to various 
parts of the field of view by rotating tho 
oyohall in its socket without relative move- 
ment of tho instrument and tho olisorvor’s 
head. Tho useful rays, therefore, lie within 
oylindera which pass through tho rim of tho 
jiupil and liavc axes through tho centre of 
rotation of tlie eyeball. It follows that 
tho useful rays from diftoront object-points 
traverse different parts of tho eyepioco, and 
each separate Ix^am is about the diameter 
‘of the pujiil, and ocouinos only a small 
part of tho lens aperture. Under those 
conditions (li'fcctH such as spherical aberration 
and coma, wliich arc of outstanding importance 
for objectives, become of little moniont in 
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comparison with the defects which do not 
depend on the width of the beam, such as 
curvature and astigmatism. Accordingly itt 
eyepieces used under normal conditions, as 
for high-power telescopes, the primary requisite 
is a good balance in the curvature corrections, 
the eyepiece being required to correct the 
errors of this kind of the objective in addition 
to its o'wn tendency to produce such defects, 
while the objective must if necessary be left 
with small outstanding errors of spherical 
aberration and coma to correct those of the 
eyepiece. As is well known, the corrected 
objective causes the rays to form the focal 
lines of the issuing beams on two surfaces 
of curvatures - k‘'( 5' -|- nr') and - k'( 35' -h tir'), 
where k' is the power of the objective and rj' 
is its Petzval coefficient, the value of which is 
about 0-7, 

5 is the quantity denoted by 5^ in § (17) of the 
article on “ Optical Calculations,” and on which 
the curvature of the image depends. For a lens free 
from spherical aberration and coma it may be 
shown that 5 is unity. The quantity ku, which is 
given by the equation 


is known as tho Potzval sum.^ k is the power of 
the system, and ur the Petzval coefficient, which is 
clearly a pure number. The above expres-sions 
should be compared with the quantities ~{e+e')lvg 
and - (3e -1- e') Jv^ of the article on “ Lens Systems, 
Aberrations of,” and “Photographic Lenses.” 

Thus for a corrected objective the curva- 
tures are -x'(1 + ct') and -k'(3 + ^'). These 
errors would he entirely overcome if the corre- 
sponding curvatures of the eyepiece, - k( 5 d- ci), 
— fc(35-l- cr), satisfied 

-f cr') + k(S + zs-) =/c'(3 + m') d-/c(35-Hrr)=0, 

or /c'-1-k5 = /c'w'-|-kct = 0. 

In fact, the second of these conditions cannot 
be met, for k, k', ct, a' are all necessarily 
positive. The best that can be done is to 
effect a compromise, and there is no general 
agreement on the precise form this should 
take. If the condition 

k'' + k3 = 0 

is taken, the complete instrument will be 
corrected for astigmatism, but the field of 
view mil appear to he convex to the observer. 
As k' is small in comparison with x in the 
cases we are considering, this condition implies 
a small negative value for 5. The outstanding 
curvature can be removed at the expense of 
astigmatism by making 

k'( 2 -1- ra') •+• k(25 -|- =0, 


* This may also be written as See 

“ Optical Calculations,” § (7), equation (39). 


5 then having a larger negative value. Any 
particular type of correction may be obtained 
by securing an appropriate value for 5, but 
the values corresponding to all types of 
correction aimed at in eyepieces are invariably 
negative. 

As the contributions to the curvature terms 
of the various lenses in an instrument are 
directly additive, it is seen that the condition 
is most readily met by securing negative 
contributions from both the field lens and the 
eye lens. Prom the result quoted in the case 
of the objective it appears that the presence 
of spherical aberration or coma in the eyepiece 
is a condition essential to the attainment of 
the required curvature correction. ^ Treating 
both lenses in the eyepiece as thin, the value 
of 5, apart from a coefficient which is neces- 
sarily positive, is 

y — 2^(@ -)-S)-t-2(l-t-i3T)§S + S^, 

or if SK is the curvature added to each surface 
in deriving the shape of the lens from its 
standard form, 

7o - 2/3 o( @ + S) - {(1 + ®)S - ctS} 2 

+ + 2u)s - (1 -t- trr)(9 + S)} 2 . 

Now for a single thin lens of refractive index ju, 
/3o=0, = 

and with given values of § and S this expression 
is algebraically a minimum when 

2(l+2cT)s = (l-l-ro)(S-bS). 

Consider in the first place the eye lens. For 
simplicity the direction in which the light 
travels may he taken as the reverse of that 
in a complete instrument, so that we are 
dealing with parallel incident light and a front 
stop not far from the lens. These conditions 
give § = 1, while S is negative and compara- 
tively large. The minimum value is thus 
attained for a negative value for s, so that 
the surface of greater curvature is towards 
the objective. The limiting case when the cozi- 
tribution of the eye lens to 5 is zero evidently 
occurs in a single lens when 

® 2w I'"- \l + 2®>) /’ 
and the shallowest curvatures will be obtained 
by choosing the negative sign before the 
square root. If the glass is of refractive 
index 1-5, so that CT = f, the preferable solution 
is approximately 

5= -1-2, 


For the values of the quantities p, y, S, see 
“Optical Calculations,” § (7), equations (42), (45); 
§ ( 8 ), equations (48), (49); and § (17); S corresponds 
to the curvature coefficient 63 of that article. See 
also above. 
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so that tlio oyo lens is ineniscna witli radii in 
the ratio 11:1, the corresponding value of 
S being -11/4. For manufacturing purjTOsos 
it is preferred to make the outer surface of the 
eye lens ])lane, and the small ohango thus 
introduced is easily compensated by a slight 
alteration in the value of S. 

The discussion of the desirable shape for 
the field lens may follow similar linos. In 
this case S is sm.all and may usually be entirely 
neglected. The best conditions then require 
s and to agree in sign, that is to say, the 
greater curvature in the field lens must bo on 
the side away from the I’oal imago. This 
simple theory thus accounts satisfactorily for 
the shapes of the lens when simple glasses are 
used. It will bo noted that the determining, 
factor is the ])ositivo value of 70. Since for 
ordinary achromatic lenses 7„ is negative, it 
would bo expected that the substitution of 
such lenses for the simpler lenses would bo 
unsatisfactory, and this accounts for the 
unsatisfactory i)orformanco of the Kellner 



eyepiece {Fig, 3), which is a modified Itamsdon 
with achromatic oyo lens and double convex 
field (or aomotimos plano-convex) lens situated 
in the plane of the real imago. The un- 
aatisfaotf)ry features of this objective oould 
be removed by making use of a dense barium 
crown glass instead of a hard crown in the 
cemented oyo lens, the high refractive index 
of the crown glass resulting in a suitable 
positive value for 7^. 

The method of correotion which has been 
outlined obviously provides for the removal 
of spherical aberration and coma, and a 
largo reduction in the amount of curvature 
and astigmatism. Of the spherical aberra- 
tions there remains distortion. The oocontrio 
paths of the principal rays through the oyopieoo 
inevitably result in the prosonoe of distortion 
in the visible image, so that straight linos in 
the object are ’not represented by straiglit linos 
in the imago. As long as the defect is not 
very obvious it is of no oonsoquenoe, and when 
a Ramsdon eyopiooo is employed even pro- 
nounced apparent distortion is of no iraport- 
anoo for exact measurements. This is evident 
whoir it is rocollooted that the image produced 
by the objeotivo is free from distortion and 
that it is actually this imago whioh is measured, 
the apparent distortion affeoting the image 
and the measuring device equally. Tt is, 
however, of interest to remark that if the 


mathematical conditions for the roiuovjd of 
distortion wore satisfied the image would aji- 
pcar distorted. This is because the judgment 
of the eye in examining the imago is influenced 
by the prosoueo of tho unwonted cireidar 
boundary by Avbioh tho visible field is limit<Hl, 
in conscquonco of which the apparent absence 
(tf distortion corresponds in fac.t to the ])ro8onoo 
of a very appreciable amount of real distortion. 

§ (5) CiruoMATio Dhfucts. — In addition to 
tho removal of tho orrom which luivo boon 
mentioned, eyepieces must present to tho 
oyo images which appear to be corrected for 
colour. The comi)loto correction of the 
system for colour would involve the omjjloy- 
ment of aohromatio field and eye lenses, in 
addition to an achromatic objective. Tiro 
insonsitivonosa of tho oyo under ordinary 
conditions to limited errors renders such 
elaboration unnooosaary, and satisfactory 
results raa.y bo obtained for limited (lelcls 
with tho single glass lenses, tho cost of whioh 
is naturally voiy much less than that of 
aohromatio lenses. Tho use of tho simple 
constructions moans that only one colour 
oondition can bo satisfied. When tho final 
imago is at infinity, obviously it is only 
nocosaary that tho images of difforont colours 
should subtend tho same ai)paront anglos at 
tho oyo. More generally the desirable oondi- 
tion is that tho principal ray for a secondary 
oolour should pass through tho imtigo for tlio 
fundamental oolour. (lonsidor now the proper- 
ties of tho lluygonian cyei)icco for light of a 
oolour for which tlu^ rofrae-tion is increased 
by one part in v a))ove that for tho colour 
])roviouBly considered. The power of each 
lens is then obtained by multijilying the old 
value by I -i- Ijv. Tho result is rea(lil.y seen 
to bo that the focal length of tho combination 
is K as for the original oolour, but tho fooal 
pianos are moved, their distanoes from the 
©xtomol surfaces being now 

(to - I -h(w-|- l)ll)\ 

2k 

and (“-l-yMM/'f. 

9 . in ip 


The suggested oondition for achromatism is 
tlius met if tho objective is at a groat distance 
from the oyopieoo when tho omorgont light is 
parallel. This is tho condition appropriate 
in high-powor toloscopos, but for instruments 
in which the objective is not very distant tho 
best results are obtained by a modified con- 
struction, and tho altered eyopiooo is Icnown 
as a oomponsating oyopioco. 

In tho case of the Ramsdon oyopiooe tho 
power is not tho same for tho new oolour, 
the now value bolng 
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and the distance of the principal focus from 
the nearest lens is 

and the signs in the two changes are such that 
the desirable colour correction cannot be 
effected. The compensation required in the 
case of the Ramsden eyepiece is thus of a 
heavier character than with the Huygens, 
and this may be the reason why of the simpler 
eyepieces the Huygens is so decidedly favoured 
where it is possible to employ it, as, for example, 
in microscopy. For precise work where the 
Ramsden form is employed one lens is usually 
compound, an arrangement which enables the 
desirable conditions to be achieved with ease. 

§ (6) Microscope Eyepieces. — ^The modid- 
cations which have been introduced into these 
lenses either consist in the substitution of a 
field lens of flint glass for the crown, or in a 
more elaborate construction. One modifica- 
tion of the Ramsden type has already been 
described. Another is the form used by Zeiss 
[Fig. 4), Ulustrated in the accompan 3 dng figure. 



telescope used for terrestrial objects this is 
unacceptable, and the image must either be 
erected by the use of reflecting prisms, in 
which case a Ramsden eyepiece is suitable, 
or an erecting eyepiece must be used. The 
latter consists, as a rule, of four separated 
lenses, and in the simplest cases these are 
all lenses of a single glass. When large fields 
of view are involved at least one of the lenses 
is of more complex construction. The first 
erecting eyepiece is due to Dollond, and the 
best form has been investigated by Sir George 
Airy [Fig. 5). The eyepiece which he recom- 
mends is illustrated in the figure, and the 
data he gives are as follows : 


Lens. 

Kocal 

Length. 

Shape. 

Katio of 
Radii. 

Soparatiojis. 

1 

3 

double convex 

6: 1 


2 

4 

meniscus 

25 : 11 


3 

4 

convexo-plano 



4 

3 

double-convex 

1 : 6 



The third and foui-th lenses constitute a 
modified Huygens eyepiece, and their distance 
from the first two lenses is modified to remove 
any observable trace of colour in the image. 

Airy also investigated in detail suitable 
forms for the Huygens and Ramsden eyepieces. 
For the former he concluded that the most 
desirable construction is 

Field lens, /=3, meniscus ; ratio of radii, 4- : 11, 

Eye lens, /= 1, double convex ; ratio of radii, 1 : 6, 


For microscopy it is frequently desired in 
high-power work to use a low-power eyepiece 
in the first place, and substitute another of 
high power for more critical examination of 
the specimen. This interchange is much 
facilitated if refocussing can be avoided, and 
Zeiss introduced 

the modem system K V 

of microscope eye- j ^ 

pieces in which the y 

image plane is in a 

corresponding position for all members of the 
series as they are placed in the draw tube. 
This convention is now generally followed. 

When the magnification is very high the 
field of view is correspondingly small, and the 
need for a field lens disappears. Accordingly 
a number of high-power eyepieces are made of 
simple achromatic cemented lenses. For these 
very small fields the correction for curvature 
remains important, because the very powerful 
apochromatic objectives which are invariably 
used for such work suffer from curvature to a 
much greater extent than do objectives of 
other types. 

§ (7) Erecting Eybrieces. — ^l?he eyepieces 
which have so far been described all yield an 
inverted image of an external object. For a 


with a separation of 2. 

§ (8) Special Forms oe Eyepiece. — ^Many 
variations of these forms of eyepiece have 
been described, and there is no doubt that 
excellent results are obtainable by a great 
variety of constructions, provided these are 



more complicated than those which have been 
described here. There is, however, little to be 
gained by a discussion of such forms, for the 
best results in all cases will be obtained by 
considering the complete instrument as a 
whole. An idea of the forms assumed in 
cases where this is done may be obtained by 
reference to the article on “ Telescopes.” The 
most notable feature of the newer systems is 
that every effort is made to avoid the use of 
lenses for erecting the image, the employment 
of prisms for this purpose being highly prefer- 
able because the image is thereby more easily 
susceptible of correction for curvature and 
astigmatism. Whenever possible there is 
much to be said for the use of simple eyepieces, 
the brilliancy of the final image varying 
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inversely with the number of lenses used in the 
system. 

It will be evident from the trend of the 
foregoing discussion that the circumstances 
Avhich call for special modifications of eyepiece 
are abnormally large fields of view and 
particularly low magnifying powers. In the 
latter case the conditions for the correction 
of the image are so different from those at 
high powers that it may easily occur that the 
least expensive construction will result from 
the use of an eyepiece over-corrected for colour 


systems. Thoir motion is (smtrolh'il by the 
rotation sleeve in which suitably shaped 
slots are out, those serving to give longitudinal 
movements to the kmses through the mediiun 
of featlnu's wliicli ('iigagn in tlie slots. The 
lens carriers are, of course, prevented from 
rotating about the axis of tlie instrument. In 
at least one form them in no longitudinal 
movemciat of the eye lens as the ]io\ver is 
changed, so that the ovei--aIl length of the 
in.stmment is eonstant and it hoeomes more 
simiile than in other casoa to ]>rovont tho 



and an uncorrected objective rather than the 
usual reverse arrangement. 

The so-called diagonal eyepiece is obtained 
by inserting an inclined mirror into the path, 
of rays in the eyepiece, the emergent direction 
of the hght being thus inclined, usually at 
right angles, to the incident direction. It is 
employed only where a direct eyepiece is 
inconvenient. 

Eor polarising eyepieces and autocollimating 
eyepieces see articles on “ Microscope ” and 
“ Spectroscopes and Refractometers.” 

§ (9) Variable Power Eyepieces. — An 
entirely distinct class of eyepiece from any 
of tho foregoing comprises the variable power 


ingross of water or other objoctionablo material 
into tho interior of the instrument. 

Tho moving systems of lenses which are used 
in somo cyepicMios of this class are more allied 
to photographic! lenses than to most otlier 
optical Hystems, and tho parallel in tho work 
that han to he i)orformod in tho two eases will 
bo realiHod, Tho diagrams show two oyo[»teces 
of thin elass, one made by Messrs. Ottway 
(J'iff. 0), and the other by Messrs. Ross (/'Vj/. 7), 

Tho jjoasibllity of eoustrneiing a system 
with two moving jjaits to givi! a eonstant 
distanoo between ohjc^cit and imago at vtirious 
magniluiations may bt! st'cm l)y (tonsideiing 
a system of two lenscw of focal lengths /i and/g, 


1 

1 

Low Power 

. Q . fi AN 

(1 


1 

High Power | 

1 

It T;r f 

m 'i'J - ' 




. , ^ 

Medium Pomer 


eyepieces, in which, by a suitable movement, 
the extent to which the image is magnified 
can be varied, the view remaining in good 
focus throughout the change. The ratio of 
the highest to the lowest magnifying power 
is usually from 3 ; 1 to 4 : 1. The concUtions 
which have to be fulfilled naturally vary 
considerably from one another at the extreme 
ends of the range, the correction of curvature 
being of outstanding importance at one end, 
while at the other the extent to which spherical 
aberration and coma can he tolerated is more 
limited. The lenses employed necessarily in- 
clude achromatic combinations, and the power 
is varied by introducing large changes in the 
separations of the components. To avoid 
large changes in the external length of the 
instrument while maintaining constant focus 
there must be at least two independent moving 


the aoparatinn of vvIuihb inner [ninoipal flurfaoos 
is t, wlioro 

e r. ,1; {(L -/g)® (/i i K 

When tho magnifieatitm is (1, tlw distanoo rf, 
from tho first principal point of tho first Iouh 
to tho ohjoct is 

I l(r-A-A)®-(A+/uO)(/riA/n)M]. 

and similarly, tlio distanoo A from tlio seoond 
principal point of tlio sooond Ions to tho image 
is given by 

T O {(T. -A - A)® (A +AQ)(A +A/G)}*]- 

so that A + ^ I A = 2L. 
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These equations suffice for the theory of 
position of the moving parts when the over-all 
lengtli is not restricted to a constant value 
if L is regarded as a variable quantity. It 
will be observed that in any case the magnifica- 
tion is determined by the focal lengths fi and 
/a, and the distances of the object and imago 
irrespective of the values of t and L, for 



As the moving lenses form the erecting portion 
of the eyepiece, G will be negative, so that 

F 

FATiaxTE, Visual. See “ Eye,” § (10). 

Feohner’s Law : a law governing the relation 
between the intensity of light and the 
degree of sensation produced. See “ Eye,” 

§( 5 )- 

Felspar (KgOiAljOaOSiOa), Use of, in Glass 
Manufacture. See “ Glass,” § (5) (iii.). 

Figure of the Earth. See “ Surveying and 
Surveying Instruments,” § (6). See also 
“Gravity Survey,” Vul. III. 

Filming : formation of a surface layer inter- 
fering with transparency on the interior 
surfaces of lenses and prisms in optical 
instruments. Bee “ Glass, Chemical De- 
composition of,” § (1). 

Filmless Photooramiy. See “ Graticules.” 

Films, Thin, Interperenob of Light in. 
See “ Light, Interference of,” § (7). 

Filter (Light) : a transparent slab of coloured 
material, either liquid or solid, used to impart 
colour to the light which it transmits. See 
» Eye,” § (13). 

Filters : 

Compensating light ; used in connection 
with the screen plate processes of colour 
photography. See “ Light Filters,” § (2) 
(iv.). 

Contrast light, description and use of, in 
photography. See idid. § (2) (ii.). 
Orthochromatio light, description and use 
of, in photography. See ibid. § (2) (i.). 
Selective light, description and use of, in 
colour photography. See ibid. § (2) (iii.). 

Finder, Photooraphto : a device used for 
the purpose of indicating the amount of 
subject which would be included on the 
focussing screen of a given camera placed 
in the same position. See “Photographic 
Apparatus,” § (7). 

Fixation, Vlsual ; the act of looking directly 
at an object in the field of view. See 
“ Eye,” § (22). 


for any magnification one lens produces a 
virtual and the other a real image. In the 
special case d.j.=f 2 , G is given by the 

ratio of the two focal lengths. 2 , g 


Eyepieces, Corrections for Optical De- 
fects. See “ Eyeiiieces,” § (4). 

Chromatic Defects. See ibid. § (5). 

Eyepieces for Telescopes. See “ Tele- 
scope,” § (0). 


Flame, Sensitive ; a coal-gas flame, burning 
under certain conditions of pressure and 
sensitive to sounds of high or medium pitch. 
See “ Sound,” § (56). 

Flare Spots • in Camera Lenses. See 
“ Camera Lenses, Testing of,” § (6). 

Flares, Photometry of. See “ Photometry 
and Illumination,” § (122). 

Flicker, The Elimination of : a problem of 
groat importance in the intermittent type 
of kinematograph, dependent upon the 
duration of the individual impulses that fall 
upon the retina. See “ Kinematograph,” 

§ ( 3 ). 

Flicker Photometer: a device for compar- 
ing lights of different colours. See “ Photo- 
metry and Illumination,” § (95) et seq. 

Flute : a wood-wind musical instrument. 
See “ Sound,” § (34). 

Flux (Luminous) : the rate of flow of radiant 
energy evaluated according to its capacity 
to produce the sensation of vision. See 
“ Photometry and Illnininatinn,” §§ (1) and 
( 2 ). 

Focal Lengths, Determination of. See 
“ Objootivo.H, Testing of Compound,” 
Autocollimating method. See ibid, § (2) (i.). 
By conjugate points. See ibid. § (2) (ii.). 
Magnification methods. See ibid. § (2) (iii.). 
Miorosoopo methods. See ibid. § (2) (iv.). 
Using parallel liglvt. See ibid. § (2) (i.). 

See also “ Camera Lenses, Testing of,” 
§(!)■ 

Focal Sphere : a term used in the study of 
projection apparatus to denote the smallest 
possible sphere described round the “ focal 
point ” so that it just, and only just, includes 
all the convergent rays, either intersecting 
it or just touching it. See “ Projection 
Apparatus,” § (4). 

Fooometer : a device for enabling the crater 
of an arc to bo maintained in position at the 
focus of a projector mirror. See “ Photo- 
metry and Illumination,” § (121). 
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Foo-iiorn : an arrangomont for producing a 
loud noise, erected on a capo or other im- 
portant point, for tho warning and guidance 
of mariners during fogs. See “ Sound,” 
§ (51). 

Foot-oandlb: tho unit of illumination on 
tho F.P.S. syatom. See “ Photometry and 
Illumination,” § (2). 

Foot-oandltg Mbtkr : a portable illu- 
mination gauge. Soo “ Photometry and 
Illumination,” § (03). 

Fohuks RANoisiTOnKR. Soo “ Rangefinder, 
Short-base,” § (7). 

Forced Liee Test (oe Eleotrio Lamps). Soo 
“ Pliotomotry and Illumination,” § (80). 

Fork, Tuning- : a convenient standard of 
musical pitch, for ready reference, each 
prong being lilco a fixed-free bar and emitting 
practically its i)rimo partial only, when 
bowed lightly and carefully at or near tho 
ends of tho prongs. Soo “ Sound,” § (49). 

Forks, Tuning-, compared by Smoke Traces. 
See “ Sound,” § (53) (iv.). 

Forrest Arc : a particular form of carbon 
arc proposed as a primary standard of light. 
Soo “ Pliotomotry and Illumination,” § (11). 

Foucault’s Heliostat : a olookwork device 
for directing tho rays from tho sun into a 
fixed toloHcopo or other optical syatom. 
Soo “ Toloscopo,” § (17). 

Foucault’s Metuod oe determining Posi- 
tion OE an Image Plane. Soo ” Objootivos, 
Testing of dompound,” § (1). 

Foucault’s Shadow Method oe determin- 
ing THE CerKVATUBB AND QUALITY OF 

Concave Sureaoes. See “ Sphoromotry,” 

§ ( 10 ). 


Foucault’s Test eor the Mirror oe a Re- 
ELEGTING Telescoi’e. See “ Telescope,” 
§( 11 ). 

Fraunhofer Lines : the name given to the 
dark lines crossing tho solar spectrum, 
which were first mapped by Fraunhofer. 
See “ Wave-lengths, Tho Measurement of,” 
§( 1 ). 

Frequenoies, Comparison op, by monochord 
method. Sec “ Sound,” § (53) (vii.). 

By resonance tube. See ibid. § (53) (vi.). 

Frequencies, Experimental Determination 
OP Dipperbncb between, by heats. See 
“ Sound,” § (53) (i.). 

Frequencies, Ratio of, gauged by the car. 
See “ Sound,” § (53) (iii.). 

Frequency, Experimental Determination 
of. See “ Sound,” § (53). 

Frequency of a Musical Note : a term 
used to denote tho number of vibrations 
per second occurring in the note. See 
“ Sound,” § (1). 

Fringes, Achromatic : produced by using as 
the two sources of light a sliort spectrum 
and its virtual imago formed by reflection 
in a glass plate. See “ Liglit, Interference 
of,” § (6). 

Fringes, Interference, Methods of pro- 
ducing, depending on tho formation, by 
some optical syatom, of two real or virtual 
images of a narrow source of light, which 
images act as secondary sources. See 
“ Light, Interference of,” § (4). 

Furnaces for meltino Glass. Sec “ Glass,” 
§ (15). 


Ox 


Gases, Specific Heats of. Application of 
Quantum Theory to. Soo “ Quantum 
Theory,” § ((5). 

Gas-tube : an X-ray tube which depends for 
its aotion on tho prosonoe of tho residual 
gas in the tube. Soo “ Radiology,” § (12). 

Geometrical Theory of Telescopes. See 
“ Telescope,” § (1). 

Ghosts : a name given to spurious linos which 
occur in all grating spectra and are due to 
periodic errors in tho ruling. Soo “ Wave- 
lengths, Tho Measurement of,” § (2). 

Glare (in Illumination). See “ I'hotoniotry 
and Illumination,” § (71). 


GLASS 

I. Definition and Constitution 

§ (1). — No satisfactory, concise definition has 
boon suggested for the term glass, which we 
use, commonly, to denote vitreous, apparently 
amorphous, materials, brittle at ordinary 
temperatures, having a high softening point 
and possessing tho general charactoristios of 
an undor-cooled liquid. 

There is, however, a gradual accumulation 
of evidence which seems to suggest that glass, 
under normal conditions, consists, not merely 
of a single liquid phase, hut of one or more 
solid johases in fine suspension in the liquid 
phase or, possibly, in colloidal solutiori. 
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We may regard glass, at liigh temperatures, 
as being a mutual solution of silicates or of 
oxides. As the temperature falls we approach 
a point where the glass becomes saturated 
with respect to one or more compounds stable 
at that temperature, and we might expect 
crystallisation to begin. The viscosity of 
glass, however, increases very rapidly with 
a fall in temperature (see “ Annealing,” § (19)), 
and it generally happens that the viscosity 
is too high and the rate of diffusion too low 
to admit of extensive crystal growth during 
the short time occupied by the cooling of the 
glass. If glass is cooled excessively slowly the 
crystals become visible to the eye : if cooled 
rapidly no visible crystals are formed, but it 
is improbable that the viscosity will totally 
inhibit the formation of crystal nuclei and 
incipient crystallisation when the saturation 
point of the glass with respect to one of its 
constituents is reached. (See also under 
“ Physical Properties,” § (21).) 

Some glasses, which can be worked in the 
blow-pipe without crystallisation if they have 
never been allowed to cool {i.e. if the glass is 
gathered straight from the furnace), crystalhse 
at once if worked after having been cooled 
and re-heated in the blow-pipe. This suggests 
that, during the cooling, crystal nuclei have 
been formed, and these tend to grow as soon 
as the viscosity falls. 

It is found that glasses on cooling show a 
small evolution of heat when passing through, 
a particular temperature. (This is reversible, 
an endothermic reaction occurring on heating.) 
The evolution and absorption is extremely 
small, and can only be detected with the most 
sensitive apparatus, but is sufficiently estab- 
lished to point to a small but definite change 
in the properties of the glass at this tempera- 
ture. 

Interesting evidence bearing on the crystal- 
line nature of glass has been obtained by a 
study of the phosphorescence of glass when 
exposed to rays of short wave-length. Many 
glasses show phosphorescence to a marked 
extent when exposed to ultra-violet light - or to 
cathodic discharge, and it is found that devitri- 
fled glass is strongly phosphorescent. If such 
a glass, however, is cooled rapidly from a high 
temperature the phosphorescence decreases, 
and, if chilled sufficiently to form the well- 
known phenomenon of a Rupert’s drop, the 
skin apjjears to be free from phosphorescence 
although the centre of the drop still glows 
faintly. It seems probable, therefore, that 
glass in general contains crystaUine nuclei 
in various stages of development, depending 
on the composition of the glass and the 
treatment it has received during manu- 
facture. The effect of the crystalline phase 
will be considered below under different 
headings. 


II. HisTORtcAL Note 

§ (2). — The discovery of glass has been 
ascribed both to Syria and to Egypt, and there 
is still some doubt as to the locality and date 
of the first glass-makers. 

It is certain, however, that the Egyptians 
in 1400 B.o. were acquainted with the art of 
glass-making, and specimens of glass, blown 
with and without moulds, have been found 
dating from that time. They were also 
famihar with the technique of cutting and 
the production of coloured glasses. The art 
of glazing pottery-ware dates back probably 
to 4000 B.o. 

The Greeks and Romans doubtless learned 
the art of glass-making from the Egyptians, 
but the glass industry never appeared to thrive 
in Greece, probably because of the excellence of 
their ceramic ware. The Romans, however, 
acquired considerable skill and were successful 
in mastering the technology of coloured glass, 
both clear and opal, although they continued 
for some time to import glass-ware from Sidon, 
Tyre, andAlexandria. The Romans worked with 
a glass of the soda-hme type. The Venetians 
may be credited with being the first to pro- 
duce glass at a cost which allowed of its more 
general use. Venetian glass was characterised 
by the great beauty of form and hghtness of 
the ware. Since the sixteenth century the 
Bohemians have also been great glass-makers. 

The glass industry was first introduced 
into England in the thirteenth century, when 
French glass-workers settled in Surrey and 
Sussex. The industry flourished until the 
reign of Elizabeth, when restrictions on the 
use of timber as a fuel caused its temporary 
decline. In 1550 a factory making window- 
glass and drinking-vessels was started in 
London, and in 1619 the glass industry of 
Stourbridge sprang up. Stourbridge was 
particularly suited for glass-making OAving 
to the presence of coal, together Avith the 
necessary clay for the manufacture of pots. 
The glass industry has now spread to aU parts 
of England, but Stourbridge still remains 
one of the chief centres of the flint-glass 
industry.^ 

III. COMTOSTTION 

§ (3). — The foUoAving are the most common 
glass-forming oxides : 

Acidic : Silica ; Boric acid. 

Basic : Sodium oxide (NajO) ; Potassium 
oxide (KjO) ; Oxides of Barium, Calcium, 
Magnesium, Zinc, Manganese, Lead, 
Aluminium, Iron. 

In addition to these, the oxides of arsenic, 
lithium, tin, and zirconium, and the elements 
fluorine and selenium, are introduced into 
’ See Bncyclopmdia Bntannipa, 11th edition. 
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glass for special purposes, and, for the manu- 
facture of coloured glasses, the oxides of 
nickel, cobalt, chromium, copper, uranium, 
and the elements carbon, sulphur, silver, and 
gold are employed. 

Probably over 99 per cent of the glass manu- 
factured in the world is composed of a com- 
bination of silica with a mixture of two bases, 
an alkali (soda or potash), and either lead 
oxide or hnic, 90 per cent being made from 
silica, soda, and lime only. Window glass, 
plate glass, and bottle glass-ware are made 
from silica, soda, and lime. Alumina is occ-a- 
sionally added to give greater strength and 
stability. Pohomian glass-ware is made from 
silica, potash, and lime, and flint glass for 
table-ware, cut glass, oloctrio light bulbs, etc., 
contains silica, load, and soda or potash. Oc- 
casionally magnesia or baryta is substituted for 
lime or baryta for lead oxide. 

Por glasses requiring special joroportiea, 
resistance to attack by chemical reagents,^ 
resistance to sudden changes of toraporaturo, 
etc., magnesia, zinc oxide, and alumina are 
introduced and boric acid ( Ba^^a) substituted 
for part of the silioa. (Uasses free from 
silica are found to bo insufficiently stable for 
general use. In following column is given a 
Table of Analyses of tyjueal glasses. 

IV. Raw Matiorials 

The sources of raw materials available for 
glass-making depend largely on the tyi)o 
of glass for which it is intended, sinoo the 
small amount of imjnirities which can bo 
permitted in better qualities of glass oxoludos 
a largo quantity of material whioh would 
otherwise bo suitable. 

§ (4) Silica is almost invariably introduoed 
into glass in the form of sand. Deposits of 
sand suitable for glass-making are found in 
many parts of the world. The chief require- 
ments for a glass-making sand are freedom 
from iron and evenness and angularity of grain. 
For the manufacture of bottles, etc., uniformity 
in grading is the most important Wturo, the 
iron content being of loss importance, whereas 
for “ white ” glass (or “ flint ” glass, the name 
now used to denote glass free from colour), 
such as chimneys, pressed ware, table glass, 
etc., chemical purity is equally essential. 
90 per cent of the sand grains should lie 
between 0*5 and Od mm. in diameter. Many 
sands are found containing 99 per cent betwerai 
these limits. Sands graded between smaller 
Mmits 0-6 and 0-25 ram. are to bo preferred, and 
it is not uncommon to And sands containing 
over 60 per cent between these limits. In 
America graded sands considerably coarser 
than this are sometimes used. 

^ See article “ Glass, Chemical Decomposition of.” 
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The best European deposits are at Fontaine- 
bleau near Paris, and Lippe, Saxony, These 
contain over 99-7 per cent of silica and leas 
than 0-03 per cent of iron oxide ; they are 
remarkably uniform in composition and grain 
size. Next in order of merit come the Belgian 
sands, notably at Epinal (below 0-05 per cent 
of iron oxide). Fair quality Dutch sands are 
also found. 

Some of the British sands have a low iron 
content, but, in general, the sand is not so 
uniform in quahty as that of Fontainebleau. 
Good deposits are found at Lynn, Aylesbury, 
Mucldsh Mount, Huttons Ambo, Burythorpe, 
and other places.’- 

For the manufacture of bottles sands rich 
in alumina are useful. 

A number of good deposits of glass sands 
are found in America, notably in Illinois and 
West Virginia. 

§ (5) Alkalis. — ( i.) (Sodium is generally 

derived from sodium carbonate (“ soda ash ”) 
obtained from the Le Blanc or ammonia soda 
process, or sodium sulphate (“ salt cake ” ) 
obtained from the Le Blanc process. Until 
recently, owing to its relatively low cost, 
salt cake was largely used as a source of 
soda, but its use is attended by various dis- 
advantages. It is usually contaminated with 
chlorides, and occasionally free sulphuric acid, 
and it is not easy to remove all the sulphates 
from the glass during manufacture. The 
chlorides and sulphates tend to produce a 
milky appearance in the glass. A high 
temperature is necessary to decompose the 
salt cake, the decomposition being assisted 
by the addition of carbon to the batch j 
the presence of carbon, however, makes the 
use of a “ decoloriser ” extremely difficult. 
Another disadvantage in the use of salt cake 
is that the walls of the furnace are seriously 
corroded along the “ flux line ” (at the surface 
of the glass) by the alkah which floats on the 
surface of the half-melted batch. 

Soda ash, though formerly expensive, is now 
cheaper than salt cake and is becoming more 
popular owing to the inconveniences inherent 
in the use of salt cake. With soda ash as 
the source of alkah, however, it is difficult to 
melt glasses rich in sihca and lime without 
the formation of a scum rich in silica which 
floats on the surface of the glass. A common 
practice is to use soda ash with the addition 
of the minimum amount of salt cake to 
prevent the formation of the scum. 

Small quantities of soda are also introduced 
in the form of sodium nitrate for the purpose 
of oxidising any organic matter, ferrous iron, 
etc., that may be present in the glass, and 
of securing the oxidising conditions necessary 

’ P. G-. H. Boswell, “British GHass-making Sands” ; 
C. J. Peddle, “ British Glass-making Sands," Jour. 
Soe, Glass Tech. i. 27. 


for melting batches containing lead, which is 
easily reduced. 

(ii.) Potash is universally added in the form 
of potassium carbonate (“ pearl ash ”). This 
can be obtained commercially in a state of 
reasonable, purity. Pearl ash is highly hygro- 
scopic, and careful analytical control is neces- 
sary if potash glasses are required to be of 
constant composition. Potassium nitrate (salt- 
petre) is also used in small quantities. 

(iii.) Felspar (KgO, Al 2036 Si 02 ) is occasion- 
ally used as a source of alkali where the presence 
of alumina is not considered disadvantageous, 
and, for cheap glass-ware, bottles, etc., rocks 
such as granite and basalt are sometimes used. 

§ ( 6 ) Lime is usually added in the form 
of ground chalk, lime spar, or limestone 
rocks. In glasses containing magnesia dolomite 
provides a convenient source of lime and 
magnesia. Where greater purity is required, 
precipitated calcium carbonate can be obtained. 

§ (7) Baryta. — The cheapest source of 
barium oxide is the mineral witherite, BaCOs, 
which can be obtained in sufficient purity for 
the manufacture of some glasses, pressed glass, 
etc. For optical glasses chemically prepared 
precipitated BaCOg or Ba(N 03)2 is used. 

§ ( 8 ) Lead Oxide is usually added in the 
form of red lead (a mixture of PbO and PbaOg, 
corresponding roughly to Pb 304 ). Bed lead 
varies somewhat in composition, free lead 
and lead sulphate are sometimes present, 
and the moisture content is variable. It is 
desirable that the maximum amount of PboOg 
be present to facilitate oxidising conditions. 
Litharge, PbO, is sometimes used in the batch, 
but, owing to its low oxygen content, it is 
not desirable. 

§ (9) Magnesia. — The chief sources of mag- 
nesia are dolomite (calcium and magnesium 
carbonates) and magnesite (MgCOg). These 
minerals are obtainable in reasonable purity 
and are used in considerable quantities. For 
special purposes precipitated magnesia is used. 

§ (10) Alumina, — For the best glasses the 
sources of alumina are plentiful, china clay, 
felspar, etc. There is some difficulty, however, 
in obtaining a cheap form of alumina for the 
manufacture of common glass bottles, where 
the low cost of the batch makes the addition of 
felspar too expensive. This is unfortunate, since 
the presence of alumina in glass increases the 
durabihty both mechanically and chemically. 

§ (11) Boric Oxide (B 2 O 3 ), an ingredient of 
many optical and resistance glasses, is intro- 
duced either as boric acid (H 3 BO 3 ) or as borax. 

§ (12) Miscellaneous Ingredients. — For 
the manufacture of opal glasses fluorspar 
(CaFg) and cryolite (AlFgSNaP), both natural 
and artificial, are used. Calcium phosphate is 
also used for this purpose. 

Other materials required in glass-making are 
used in the form of chemically prepared com- 
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pounds, since they arc only required in small 
quantities, and the cost is therefore unim- 
portant. 

§ (13) Arsenic. — White arsenic or arsonious 
oxide (AsaOs) is the usual source of arsenic for 
the glass industry. Arsenic is introduced into 
both oxidising and reducing batches with 
apparently beneficial results. It appears to 
accelerate the removal of bubbles from the 
glass and, also, to assist “ deoolorisors ” in 
their action. 

It is probable that under oxidising conditions 
the arsenic is oxidised at low temperatures to 
ASaOg, and at high teraperaturos this oxide 
teirds to decompose, forming AsgOj and liberat- 
ing oxygen which sweeps out the small bubbles 
from the glass and also oxidises the manganese 
and iron, giving the condition required for 
successful decolorising.” Under reducing 
conditions metallic solonium is generally used as 
a decoloriser. A ]>art of the arsenic is reduced 
to metallic arsenic, which is volatile, and 
thus swoops out the bubbles with a reducing 
vapour which tends to keep the selenium from 
becoming oxidised. 

Analyses of glasses made from batches con- 
taining nitrates show that from 10 per cent to 
20 per cent of the arsenic may bo lost during 
molting, and, of the arsenic remaining in the 
glass, from 80 per cent to 00 jjor ciont is in the 
pontavalent condition. Similar glasses molted 
without nitrates lose from 30 per cent to 40 per 
cent of the arsenic during the molting process, 
and only 60 per cent of the remaining arsenic 
is in the pontavalent condition. 

V. The Manotuoture of Glass 

It is not possible hero to dosoribo in any 
detail the manufacture of glass, since the pro- 
cess varies very considerably with the tyj)o of 
glass made and the use for which it is intended. 
The general outlines are given below. 

§ (i4) The PRtci’ARATroN of the Batch. — 
The term “ batch ” is used to denote the 
ingredients of the glass mixed in the rociuirod 
proportions and ready for molting. The 
success of the melting oporation and the 
quality of the glass obtained depends very 
largely on the care taken in the preparation 
of the batch. Many manufaoturors do not 
sufficiently realise the importance of this side 
of the glass works. The raw materials should 
be well ground. Even grading is as impeyrtant 
as the actual flnonesa of division. The sand, 
and oooasionally other ingredients, are dried ; 
in some works the sand is roasted to a rod heat 
before use. The various constituents are fclien 
weighed out and fed into a mechanical mixing 
machine, which delivers the mixed, sieved 
batch into a container in which it is convoyed 
to the furnace. In some up-to-date, woll- 
organised works elaborate plant is used to 


carry out those operations, and tho weighing, 
mixing, and convoying of the batcli is elTcctcd 
automatically. Many works arc to he hyund, 
however, where tho biitch comptysiliiyn is 
estimated by vcylmno — in scymo cases tiio shovel 
being tho unit <yf viylumo — and tho mixing 
carried (yut by hand. 

§ (15) Furnaoes and Meltino pRcyOESS.-— 
Tw(y entirely dilToront meythods (yf melting are 
omphyyod aec(yrdiug as ilio glass is ccyntainod 
in crucibles (cyr “ jyots ”) or in a tank. 

(i.) Melting in Pot Furnaciifi . — The jytyts used 
to contain tho glass during medting any of tw(y 
kinds, oi)cu ami chyscyd. U’lio (yjyon pot is a cup- 
shaped vosaol, anything up t(y 5 ft. in diameter 
and 5 ft. high (yyr even larger), ccyntaiuing, when 
full, fnym 2 owt. tcy 2 or even 3 tons of glass. 

Tho chysod ])ots are similar tty the (ypon 
ones except that they tiro fitted with a dome 
(yr hood which has an opouing (yu one side 
through which tho batch is charged, and tlic 
finished glass subsoqucyntly gathered. This 
hotyd, which pnyjocis through the wall lyf tho 
furnace, servos t<y protect tho glass fnym ciyn- 
taminatiiyn by the funmiyo gastys. 

One funuico may ocyntain several peyts, from 
2 up tiy 20 cyr nuyre. Tlio furnaces are usually 
fired witli prodiuyor gas, althiyugh direct ooal- 
lirod fumaocB arc still found in siyrno jiarts. 

Great oaro has tty bo oxeyreisod in tho manu- 
facture aufl subsoquont handling cyf the (ytyts. 
Those are made from carefully scylectod liro- 
olays (see “GlaHs-htyuso Rofraettyries," Viyl. V,). 
Tlio raw clays are mixed with a quantity tyf 
burnt clay, tcy roduco tluy slirinluigcy tyn Hring, 
moistoneil, and alkywcd tty mature ftyr styine 
months. Tho jytyt is then built up sltywly by 
hand. The ptyt-makcr lirst mpukls a disc tty 
form tho botkyin tyf tho p<yt and than proceeds 
to build up tho sides ; ncyt nuyre than 6 in. tyr sty 
of wall cyan bo added at a time, sincio the plastic 
clay is ncyt stnyng entyugh to sufyptyrt tho weight 
cyf tho whole side. The jycyt lias, tlun’tyfore, tty 
bo built in stages with an Interval cyf a day 
or two between eaeii stage. In styme works 
plaster or wotydon mtyulds are used tcy suppeyrt 
the pots during tlicir manufaoture. Opevn pots 
are cyccasicynally made by the casting proecssB 
(see “ Glass - hcyiise Rofractcyrios,” Vty). V.). 
When tho peyt is oomplctcvl it is alltywtyd to dry 
slowly. The temperature tyf tho drying-room 
is carefully regulated and {yraoauticyns are taken 
to prevent draughts. When tho pots are dry, 
a jmyciosa whicli generally takes some months, 
they arcs rcmtyvecl frtytn the clrying-rcyom when 
required {or use and plnood in a small kiln 
(the “peyt arch”), in which they are brought 
slcywly up tcy a red heat, Very great caution 
is required in tho initial heating, and the correct 
rate of rise cyf temperature, wliich varies with 
different clays, must be maintained earofully. 
TJie tempeyraturo tcy which tho pot is taken in 
tiie pot arch varies considerably in different 
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works, and frequently 900° 0. is not exceeded. 
It is better practice, as a rule, to run to con- 
siderably higlier temperatures. When the pot 
arch is at its maximum temperature, the pot is 
taken out and transferred as rapidly as pos- 
sible to the melting furnace. For this purpose 
the brick work in the front of the melting 
furnace is removed, leaving a hole sufficiently 
large to admit the pot. When the pot is in 
position in the melting furnace, the wall is 
bricked up and the temperature raised. In the 
best practice the pot is heated to a temperature 
considerably higher than that required for the 
melting of the glass, since the life of the pot is 
prolonged if it is well “ vitrified ” before the 
glass is charged into it. In many works, how- 
ever, the pot is not subjected to this prelimin- 
ary heating and the glass is introduced as soon 
as the pot reaches the melting temperature of 
the glass, with the result that much unnecessary 
corrosion of the pot takes place. 

The raw materials are mixed with a quantity 
of previously-melted glass of the same com- 
position (cullet). This greatly facilitates the 
melting process. The pot, when ready for 
filling, is first glazed with cullet to protect it 
from the direct contact with the raw materials, 
particularly the alltali, which has a powerful 
fluxing action on the clay. The pot is then 
filled with the raw material and cullet. Since 
there is a considerable diminution in bulk when 
fusion takes place, several fillings are required 
to yield a pot full of molten glass. The method 
of filling varies somewhat in different works. 
Sometimes great care is taken to prevent the 
batch from touching and chilling the walls of 
the pot. In this case the batch is piled up in 
the form of a cone and as many as six or more 
fillings are made. In other works the batch is 
shovelled on quickly, two fillings, or occasion- 
ally, with lead batches, one filling, being con- 
sidered sufficient. 

The contact of the damp material with the 
walls of the pot and the consequent chilling of 
the inside frequently gives rise to small cracks 
in the pot walls (known as “ batch cracks ”). 
These increase in size at each filling and often 
cause the ultimate failure of the pot. 

The reactions which occur during fusion are 
complex and imperfectly understood. The 
order in which the various changes take place 
is roughly as follows. The moisture and com- 
bined water is expelled from the batch : 


Alkalis in the form of nitrates melt . . 320° 

Magnesium carbonate decomposes . . 350° 

Red lead decomposes, forming litharge . 600° 

Boric oxide melts 577° 

Barium carbonate melts .... 796° 
Potassium carbonate decomposes . . 810° 

Calcium carbonate decomposes . . . 826° 

Sodium carbonate melts .... 849° 

Litharge melts 877° 

Potassium oxide melts 880° 


Complex eutectics are formed, in which the 
oxides having high melting-points are slowly 
dissolved. The ease with which the glass melts 
depends largely on the viscosity of these 
eutectics. Owing to the low diffusivity of the 
mixture a very large temperature gradient is 
set up in the batch, and, in consequence, all 
the possible physical and chemical changes 
occur simultaneously in different parts of the 
pot, and many bubbles of gas, water, carbon 
dioxide, etc., are entrapped in the molten 
glass. The raw materials of the glass are 
eventually dissolved, and the bubbles of gas 
rise slowly to the surface at a rate depending 
on the square of their diameter, the viscosity 
and density of the glass. By a judicious 
choice of raw material and temperature of 
melting it is possible to arrange that only 
large bubbles remain in the glass at the end 
of the fusion, and these rise to the surface 
in a few hours and burst. If for any reason 
small bubbles (technically known as seed) 
are formed, the glass-maker frequently has to 
introduce large bubbles to sweep the small 
ones to the surface. For this purpose it is 
common practice to plunge a potato, on the 
end of an iron rod, to the bottom of the pot. 
The moisture and organic matter, which is 
given off violently, effectually removes the 
small seed. Nitrates and arsenic are some- 
times used for this purpose. 

To facilitate the removal of the bubbles (a 
process commonly known as “ fining ”), the 
temperature of the furnace is raised. With 
the diminution in the viscosity of the glass, the 
corrosion of the pot becomes severe. The 
glass in contact with the pot walls dissolves the 
material of the pot, the resulting glass having a 
density different from the mean density of the 
melt. Currents are therefore set up and, since 
the density of most glasses is greater than that 
of the pot used, these currents, caused by the 
solution of the pot in the glass, flow up the 
sides of the pot. As the glass rises, it becomes 
richer in pot material, and, consequently, less 
active as a solvent, with the result that the 
attack of the glass on the walls of the pot is 
greatest at the bottom and a taper is produced 
in the pot.’- 

There are other factors which affect the rate 
of corrosion (apart from the imperfections in 
the pot itself), i.e. the temperature distribution 
in the furnace, since it is possible for large con- 
vection currents to he set up if the bottom of 
the pot is heated locally. (See “ Glass-house 
Refractories,” Vol. V., for further details on the 
properties and behaviour of glass-house pots.) 
The presence of these convection currents is 
important, since the rate of solution of the 

’ Coad-Pryor, “ Notes on Pot Attack,” Jour. Soc. 
Glass Tech., 1918, 11. ; and Rosenhaln, “ Some 
Phenomena of Pot Attack,” Jour. Soc. Glass Tech., 
1919, Ui. 
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pot in the glass depends largely on the rate at 
which the glass rich in dissolved pot material 
can be removed from the vicinity of the pot 
and fresh glass brought in contact with it. 
The presence in the glass of an excess of silica 
and alumina derived from the pot increo-scs 
the viscosity greatly, giving rise to a corre- 
sponding diminution in the rate of diffusion, 
and, but for this formation of currents, the pot 
might reasonably bo expected to last for years 
instead of months as is actually the case. 

The formation of sillimanite crystals (AlgOg, 
Si 02 ) in the pot appears to exert a marked 
benefioial influence on the rate of solution. 

During the “ fining ” process samples 
(proofs) are taken from the pot on an iron rod 
and, from these samples, the expert glass- 
maker can decide when the “ metal ” is ready 
for working or gathering. When the glass is 
fine (free from bubbles and raw material) the 
temperature is lowered until the viscosity 
suitable for gathering is reached. The glass is 
still far from being homogeneous, the lower 
portion being considerably denser than the 
upper, and the parts near the sides being richer 
in silica and alumina (derived from the pot) 
than the central portion of the jxrt. How- 
ever, for all pur])oso8 except for optical instru- 
ments, the glass is considered good enough for 
use. 

(ii.) Melting in Tank Furnaces.— -Fov the 
production of cheaper kinds of glass whore 
mass production is osseirtial, “ tanks ” are 
invariably employed for molting purposes. A 
tank consists of a fire- bride chamber which 
may vaiy considerably in size according to the 
output required, their capacity ranging from 
two to over a thousand tons of glass. The 
ratio of length to breadth is roughly throe to 
two, average dimensions being from 12 to 18 
ft. wide, 24 to 30 ft. long, and from 30 to 44 in. 
deep. The bottom and sides of the tank are 
usually constructed of firebrick or refractory 
stone and the crown of silica brick. The gas and 
air enter by ports arranged along the side of the 
tank and the combustion takes place over the 
surface of the glass, the products of combustion 
passing out on the opposite side by flues loading 
to the regenerators, which are usually situated 
below the tank. 

The dimensions of the tank and the dis- 
tribution of temperature are so contrived that 
the raw materials are fed on at one end of the 
tank, melt and flow slowly down the tank, and, 
by the time the glass reaches the other end, it 
is fine and ready for working. 

This procedure is more economical than 
melting in pots, since the glass is exposed to 
the direct heat of the flame. The process is 
continuous and the glass may be worked day 
and night without cessation. The refractory 
materials are more durable, since, in the places 
where they are in contact with the glass, they 


are always cooler than the glass, whereas, in a 
pot furnace, the heat has to bo tranHmiU(!d 
through tlie pot M'alls. 

Frequently the most vulnerable parts of tho 
tank are water- or air-cooled on the outside and, 
consequently, tho tank is j)ractically lined with 
a layer of glass too viscous to attack tho 
refractories at an appreciable rate. In some 
works tho whole of tho furnace walls are water- 
cooled, and, in such furnaces, tho rate of solu- 
tion of tho rofractorios is extremely slow. 

No thermal convection currents ai'o found in 
tho glass in a tank, since the heating is frenn 
above, and wo find, therefore, that tho tank 
blocks wear away first near tho surface of tho 
glass, tho attack on tho blocks diminishing 
with tho tem])oraturo as tho depth below tho 
surface of tho glass intiroases. fl.'lio blocks 
forming tho bottom of tho tank may last for 
Bomo years, but tho side walls, near tho 
surface, seldom last for more than a year, 
often less. 

In a furnace molting flint (colourless) glass 
tho serious corrosion extends to a depth of 
perhaps 18 inches or 2 feet; with deeply 
coloured glass, an amber or dark green, the 
attack of tho glass on the sides of tho tank 
8 or 10 inches below tho glass level is slight. 

During tho molting process, in both pots and 
ttuiks, it is frequently found that a scum is 
formed on tho surface of tho glass. In ])ot8, 
tho glass is skimmed bofcjro tho gathering of the 
glass is commenced ; in tank furnaces, to meet 
this difficulty a wall or bridge is generally built 
across the tank, shutting olf the working end 
from the molting. This bridge, which projects 
a few inches above tho surface of tho glass, re- 
tains tho scum and tho suriaoe layer of tho glass 
generally rich in silica, and allows tho clear 
glass below to flow into tho working end through 
a hole in tho bridge near tho bottom of tho 
tank. Tho attack of tho glass on tho bridge is 
severe, and it is generally necessary to cool it by 
building it liollow and maintaining a cb'caila- 
tion of air or steam in it. Tho cooling of tho 
orifloo through which tho glass flows presents 
special difficulties, since severe (shilling will 
cause obstruction duo to high viscosity of tho 
glass. Various devices have been adopted to 
separate tho working end from tho molting end 
of tho furnace, since the temi)oraturo suitable 
for gathering tho glass is lower than that 
required for melting. Thus tho bridge is 
sometimes continued right up to tho crown of 
the furnace, the j)art above the glass level 
being built in chequer work to cut down the 
radiation from, tho melting end. Again, a 
separate chamber connected to tho molting 
tank by moans of a clay syphon has boon used. 
Sometimes small covered pots (generally known 
as “ potettes ”) are built into the working end 
of the furnace with their hoods y)roj ceding 
through the furnace walls in a nuuinor similar 
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to pot furnace practice. These potettes are of gas. A similar effect is said to occur in 
drilled near the bottom, below the surface level cobalt blue glasses. Again, with some glasses, 
of the glass, to allow the glass from the tank certain gases appear to be more soluble at 
to flow into them. When working with high than at low temperatures, and on cooling 
potettes a bridge in the tank for skimming bubbles are evolved. By successively cooling 
purposes can be dispensed with. and heating the glass for a number of times 

§ (16) Defects, (i.) Stones. — If the pro- the quantity of gas in solution can be 
cess of manufacture outlined above has been diminished, and a marked improvement is 
carried out successfully, glass is obtained in the observed in the tendency of the glass to 
pot or worldng end of the tank free from devitrification. It has been shown that glass, 
bubbles and undissolved material and reason- under normal conditions, can hold in solution 
ably uniform in composition. There are considerable quantities of gas. Allen and 
various defects, however, which are frequently Zies obtained from 6-.5 grms. of glass 6-5 c.c. 
found which have arisen through accidental of gas having the composition : oxygen, 
causes or through carelessness on the part of 64-2 per cent ; carbon dioxide, 24-2 per cent ; 
the operators. Of these perhaps the most carbon monoxide, 3-5 per cent ; hydrogen, 
common is the disease known as “ stones.” 3-9 per cent ; nitrogen, 4-1 per cent ; and 
These consist of sohd particles which have not instances have been given where glass on 
been taken into solution in the glass, and may cooling has hberated many times its own 
be caused by drips from the crown of the fur- volume of gas. AH glass, as usually made, 
nace or particles of refractories from the walls contains a large amount of dissolved water 
which have become undermined and detached, vapour, far in excess of other gases found in 
Stones may also be formed if parts of the glass. Tliis is evolved copiously on heating 
furnace have been allowed to become too cool, the glass to 300'’-400° C. or over, under 
when “ devitrification ” or crystallisation of reduced pressure. 

the glass may result. These crystals, when So-called “ vacuum bubbles ” are formed 
once formed, are only dissolved with difficulty where the surface of the glass is chilled 
and, in consequence, give rise to stones. One rapidly, forming a surface crust, while the 
of the most prolific sources of stones is the centre is still hot. As the interior of the 
inclusion in the batch of coarse particles of glass shrinks a high state of tension is pro- 
raw material, such as hmestone. duced and minute bubbles may swell to a 

(ii.) Striae. — Another common defect is the large size, 
presence of striae or “ cords,” which consist (iv.) Colour. — ^A frequent source of trouble 
of veins of glass of a different refractive index to the glass-maker is the control of the colour 
from that of the rest of the glass. Strictly of the glass. Iron is always present in the 
speaking, striae are always present in any raw materials and refractories, and, when 
but the best optical glass, although, for most present in an excessive amount, produces a 
purposes, they are sufficiently small to pass colour which varies from a yellowish green 
unnoticed. They are produced by imperfect to blue according to the state of oxidation 
mixing of the batch or contamination of the of the iron and the composition of the glass, 
glass by the walls of the pot or tank. Stones The remedy for this is, of course, to use 
always give rise to striae, which persist in the materials as pure as possible, but, for most 
glass after the stones have disappeared. Striae commercial purposes, raw materials free from 
are also found if the furnace has been allowed iron are much too costly. To mask the iron 
to run cold during the melting, when the high green, a colouring agent which gives the 
viscosity has hindered the diffusion of the complementary colour, pink, is added to the 
constituents. batch. Of these “ decolorisers,” the most 

(iii.) Seed. — The presence of fine bubbles, or usual reagents are manganese (used with 
‘ ‘ seed ” as they are called, in the finished batches worked under oxidising conditions) 
glass is a defect sometimes found. Bubbles, and selenium (for reducing conditions), often 
which should have been removed during the in conjunction with small quantities of 
fining process, are sometimes found in the chromium, nickel, and cobalt. The colour- 
glass owing to inadequate control of the ing effect due to the presence of iron is less 
temperature during founding or to an attempt when the iron is in the trivalent condition, 
to increase the rate of production beyond and hence the presence of nitrates in the 
the Avorking capacity of the furnace. batch improves the colour, since oxidising 

Seed may appear, however, at a later stage, conditions are then attained. It is not usual 
after the glass has once been fine. This to attempt to decolorise glasses containing 
phenomenon is common in amber glasses more than 0-2 per cent of iron calculated as 
■where the colouring has been produced by Pe,p 3 ; a higher content of iron gives a glass 
carbon, probably in colloidal solution. Under which, when decolorised, has a perceptible 
certain conditions a rise in temperature or grey tint. 

mechanical agitation may cause an evolution I A good “fiint” soda-lime glass may contain 
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about 0-11 per cent Fo^Oa, and a lead flint 
glass for cub glass table ware may contain 
0-03 per cent Fc.j 03 or even less. 

Arsenic is also introduced into the glass to 
facilitate the action of dccoloriscrs. Tho 
chemistry of this action presents some diffi- 
culties, (See “ Raw Materials,” “Arsenic.”) 

§ (17) Optical Glass. — Tho standard of 
quality required in glass for optical ijurposos 
makes the manufactui-o of optical glass a 
special process. Tho glass requires to be care- 
fully stirred to produce tho necessary homo- 
geneity, and, oven then, it is considered a good 
yield to obtain 20 per cent of good glass out 
of tho pot. For this purx)osG a clay stirrer 
is introduced into the pot as soon as tho 
glass is flue, or sometimes at an earlier 
stage, and the glass is slowly stirred. This 
operation is carried out moohanioally, tho 
clay stirrer being manipulated by means of an 
iron rod. It is necessary to stir as tho tomiiora- 
ture falls, until it is no longer possible to 
continue owing to tho high viscosity. Tho 
stirrer is then either removed or allowed to 
remain in tho glass near tho side of tho pot. 
Tho rate of stirring permissible varies within 
narrow limits, and has to bo regulated care- 
fully as tho glass cools. At tho end of tho 
stirring operation tho i)ot is removed from 
the furnace as quickly as X)os8iblo and allowed 
to cool rapidly. With some glasses which 
tend to devitrify it is necessary to chill tho 
glass by spraying water on to tho outside of tho 
pot. When sufficiently cold tho pot is broken 
up and the glass carefully examined, those 
pieces which are considered free from striae 
and other defects being reheated to tlie 
softening jioint of tho glass and moulded 
into rectangular blocks or lenses. Tho blocks 
are then annealed (see “Annealing,” § (19)), 
and finally ground and subjected to furtlier 
inspection. ^ 

§ (18) Manipulation. — Tho general jjrin- 
ciples of glass-blowing are well known and 
have boon dosoribod frequently.® 

A brief outline of the jwocesBos in use at 
tho present day is given below. 

(i.) Hollow OZ-oas - taare. Although gloss 
made by mochanioal moans has displaced in 
many oases tho hand-blown articles, it is 
difficult to obtain by machinery tho excellent 
finish which con be produced by a skilled 
glass-blower. The automatic production of 
unsymmetrical shapes, i.e. wat-or jugs with 
handles and spouts, and complicated pieces 
such as wine-glasses, presents serious diffi- 

* Series of papers Issued from Ooopliysleal Labora- 
tory, Washlnffton, on optical Rlass: Ilosoiihaln, 
Glass Manufacture, eh. xlv. ; Tloaoiumln, Optical 
Glass : Cantor Lecture to Uoyal Soc. Axis. 

“ Rosonhaln, Glass Manufacture ; Powell and 
Ilosenlialn, articles on (Pass In tho Encyclopmdia 
Brilannica, 9th and llth editions ; Powell and 
Chance, Principles of Glass-making ; P. Marson, 
Glass. 


cultios, and, at ])resent at any rate, tlui 
sujircmacy of hand-blowing for such ware is 
unchallenged. 

Tho blowing of a largo glass article is 
generally carried out by a team f)f men or 
boj^s, who constitute a “ cdinir,” Ah a rule, 
two men and two boys make uj) a chair, 
although, for some work, only three ])erBon8 
are employed. In some 'woiks there is a 
tendency to increase tho number of men to a 
chair, since, by so doing, the wcu’lr becomes 
more highly Bx>ccialiso.d, and each man, in 
conscquonco, mure efficient at his small con- 
tribution, and tho highly skilled labour 
economised. 

Tho glass-blower’s equq)ment is simple, the 
most imiiortant item being the stool on which 
ho sits. This consists csHcutially of a small 
wooden bench provided with arms on each 
side wliieh imojoet in front and behind him. 

The “ gatherer ” first takes tho blowing- 
iron, an iron tube about. I) ft. in longtli, wliicli 
lias previously been heated, and dips tho end 
in the glass with a circular motion, with- 
drawing it with a ball of glass adhering to it. 
Ho then I'olls tho glass on an iron jilato (tho 
“ marvor ”) in sueli a way as to obtain a 
symmetrical shaxie in tlio glass on tho blowing- 
iron. During this oiieration tlio glass has 
become chilled and stifi; to work. Ho then 
di{)s it again in tho pot, gathering moro glass 
and marvoring as before. This process is 
repeated until tho required weight of glass 
has been colleeted on to the blowing-iron. 
From time to time the gatheinr blows gently 
down the tube, exiiatuling the glass on tho 
icon into a iiear-shaped mass. Ho them hands 
tho iron to tho ghiHs-blower, tho head of tho 
“ chair,” who sits on his bench and jilaoos tho 
blowing-iron across his knees, resting it on 
tho arms of the chair. SincTi the glass is mobile 
during tho blowing ojjoration it i.H nceossary 
to keep the iron constantly revolving to 
jirovent the gathering from losing its sytn- 
inotrioal shape. The blowcn’, by rolling the 
iron along the arms of tho chair with ono 
hand, is able to elToct this, and, holding his 
tools in tho other hand, he can shape the 
article as though the iron were in a laiho. 

Tho glass-blower’s outfit consists of a pair 
of shears or soissors, a palette or “ b/ittledore ” 
(a small wooden board with a hatullo), a pair 
of tongs, calipers, a foot-ndo, and an iron 
bar or file. 

In tho proooss of blowing hollow ware such 
as a jug or decanter, ho rests tlio iron on one 
arm of tho chair and blows until tho dosirod 
size of bulb is obtained. Ho then slmfios tlio 
bottom and sides of tho jug by revolving it 
on tho two anns, as indieated above, with 
one hand, and pressing tho glass into tho 
required shape with the palette, and chocking 
tho dimensions with the calipers. 
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When he lias trued the bottom of the jug, 
one of his assistants takes an iron rod — ^the 
punty (also known as the pontee, ponty, or 
puntee) — gathers a small amount of glass on 
the end of it, and then presses this on to the 
centre of the bottom of the jug. The glass 
on the punty adheres to the jug ; at the same 
time the blower touches the glass at the end 
of his iron with the cold iron bar, and the jug 
breaks off the blowing-iron and remains 
attached to the punty. The assistant then 
reheats the jug, which has by this time become 
set, in a small furnace, the “ glory hole,” 
and when it has softened again returns it to 
the glass-blower, who revolves it rapidly on 
the bench. The centrifugal force causes the 
hole at the top of the jug (where it was origin- 
ally attached to the blowing-iron) to open out. 
The blower trims the end ivith the shears, 
and then, rotating it, forms it into the desired 
shape with the help of his tongs. In this 
manner, with modifications suited to the type 
of article being made, all kinds of hollow 
glass-ware can be blown. In many cases the 
process of blowing may be simplified by the 
use of an iron mould made in two parts, with 
an opening at the top, so constructed that 
the blower can open and close the mould by 
means of a lever operated by his foot. He 
blows a pear-shaped bulb which he holds 
vertically for a second or so until an elongated 
neck is formed ; he then introduces the bulb 
into the open mould -with the neck protruding 
through the hole in the top. The mould is 
then closed, and the bulb blown up until it 
fills the moidd. When 
the glass has set, the 
mould is opened and 
the finished article is 
removed and cracked 
off the blowing-iron. 
During the blowing 
up in the mould the 
blower spins his blow- 
ing-iron, rotating the 
glass in contact with 
the mould, and by 
this means prevents 
a mark from the 
joint in the mould 
being imprinted on 
the glass. Bottles, 
etc., not spun in this 
way always show a 
mould mark. 

Fig. 1 (a) shows a 
diagram of a section 
through a mould for 
blowing a laboratory 
beaker or a tumbler, and (b) and (c) show the 
successive stages ; {b) shows the tumbler as 
it leaves the mould. After annealing it is 
placed on a revolving disc, so arranged that 


a pointed flame plays on the glass (along the 
dotted line) as it revolves ; the glass is then 
removed from the flame and touched with a 
cold, pointed, steel rod at any spot on the 
ring heated by the flame. If the glass has 
been well annealed, it will crack evenly along 
this line, leaving the tumbler as in Fig. 1 (c). 
It is then placed on a revolving chsc or clamped 
to a rod which can be made to rotate hori- 
zontally, and' the rim is heated until the glass 
softens and a smooth edge is produced by the 
surface tension. When the lip requires flang- 
ing the heating is carried further and the edge 
turned over with a tool to the amount re- 
quired as the glass revolves. This operation 
introduces severe local strain round the rim 
of the glass, which has, in consequence, to be 
re-annealed. 

(ii.) Tube and Rod . — In the manufacture 
of tubing, the gatherer prepares a large mass 
of glass on his blowing-iron, the size (as a rule 
from 5 to 20 lbs.) depending on the diameter 
and thickness of wall required in the tube. 
The gathering is carefully marvered and re- 
heated in the glory hole. The blower then 
takes the blowing-iron and allows the glass to 
elongate by holrling the iron vertically and 
giving it a gentle swing. His assistant then 
holds the punty in a convenient position, and 
the blower, by a dextrous movement, attaches 
the end of the gatherbig to the pimty. The 
t'wo men then move apart at a rate governed 
by the dimensions of the tube they are making. 
For small tubes it is necessary to run, but for 
tubing of medium diameter a slow w.alk is 
usual. With heavy tubing which tends to 
sag excessively it is necessary to chill it during 
the dra'wing ■with an air-blast, or, more 
usually, by fanning it. Solid rod is made in 
precisely the same manner, except that the 
gathering is made with an iron rod instead of 
a tube. 

(iii.) Glass Wool . — By rlrawing out glass 
sufficiently quickly very fine fibres can be 
produced ; thus, glass wool is made by 
winding glass drawn from the gathering on 
to a rapidly rotating drum. 

(iv.) Sheet Glass . — gathering of glass is 
made in the usual manner. The blower stands 
on a raised platform, so. situated as to give 
him room to swing his iron vertically below 
him. He is usually provided with mechanical 
devices to assist the blowing operation, i.e. a 
flexible tube to enable him to use compressed 
air for blo'wing, and arrangements to relieve 
him of part of the weight of the gathering. 
He is also conveniently near a glory hole, for 
reheating during the blo'wing. 

By means of specially shaped blocks and 
tools, the gatherer marvers a short, 'wide-bore 
cylinder having a thickened end, as in Fig. 2. 
By alternately heating the end of the cylinder 
and swinging it in a vertical plane, a cylinder. 
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about 4 ft. long or more, of reasonably uniform 
bore and thickness of wall, can be made. The 
end of the cylinder is then opened by bringing 
a small gathering of glass on 
the punty in contact with 
it ; the glass of the cylinder 
softens at the point of con- 
tact, and a small hole is cut 
out with the shears. The end 
is then reheated, and, by 
rotating the cylinder, the hole 
becomes otdargod by the 
Ida. 2. centrifugal force until its dia- 
meter is the same as that <if 
the cylinder. The cylinder is then laid on 
a wooden stand, detached fj-enn the blowing- 
iron and the ends cracked oil', generally by 
passing a thread of hot glass round it and 
touching it with a cold iron ti)ol. A longi- 
tucUnal scratch is then made from end to end 
on the inside surface, and a slight tap causes 
a crack to run down the side of the cylinder 
along the scratch. It is convoyed to the 
flattening kiln and placed on a smooth slab ; 
the temperature is raised to tlio softening 
]3oint of tiio glass,. and the eylindor slowly opens 
out until it beoomoH a])proximatoly a piano 
sheet. The surface is nibbed with a wooden 
block to secure a smooth surface and intimate 
contact with the slab on which the shoot rests, 
and the linishod shoot is then passed down the 
annealing lehr which adjoins the flattening 
kiln. 

■ (v.) Plate, Qlasa , — The manufacture of largo 
sizes of the host plate glass is an oxiicnsivc 
and wasteful process. Kconoiuioal methods 
of making small-sizod plates have boon 
devehjpod, but for very largo shoots the 
casting and rolling process has not boon 
supplanted. 

A largo mass of glass is jiourod on to an 
iron table ; this is eflioctod either by ladling 
the glass from a tank or pot into the casting 
pot in which it is carried to the table, or by 
removing the molting pot itself frt)m the 
furnace. In oitbor case the operation is 
carried out largely mochanically. The glass 
is then rolled with an iron roller running on 
rails at the edges of the casting table, the 
height of those rails determining tlio thickness 
of the plate. The roller is propelled meolianio- 
ally, the width of the plate being controlled 
by guides which the roller pushes in front of 
it as it progresses down the table. After 
rolling, the sheets are annealed, either in a 
continuous lehr along whioli the sheets travel 
slowly, or in a kiln which is heated to receive 
the shoot and then allowed to cool down 
slowly, the sheet taking several days to roach 
a temperature at which it can he handled. 

For certain purposes (roofing, etc.) sheet 
made in this way is sold without furtlior 
treatment, but the surface is poor and the 


glass quite unlit for the purposes foi' which 
the best ])late is required. 

The jjlales have .then to ho ground to a 
true surface and polishcid. For this 2)nrpose 
they are clam])cd to a circular iron table, 
about 30 ft. in dianuder, which is rotated, 
and the surface of the jjlate is rul)hcd down 
with iron slabs which are also rotatial, ec- 
con tricall j'' to the table. ('Pho jjlates are 
usually sot in jdaater of I’uris to ensure that 
the under surface is in intimates eontaei noth 
the surface of the table.) "I'lie ii'on ruhhers 
arc fed with ahraaives of sncc('ssively liner 
grades (starting with (ioarsc sand), until, 
linafly, a flue ground surface is produced in 
the glass. Ihiring this process a largo amount 
of glass (uj) to 30 j)or coni) is ground away 
ami lost. The Bheet is then i)olislied, tlie 
iron “ ruhhers ” being rciOaccsl by wooden 
blocks covered with cloth or felt and fed witfi 
rouge. If the ])rovious grinding jjrocess has 
been earned out Hviccossfvilly, a brilliimt 
surface is obtained witli rouge in a short 
time— two lionrs or so. The sheet has then 
to ho turned over and the wliolo process of 
grinding and jjfjlishing re|)oatod on the other 
side. It is then washed and inspected, and 
out to the required sizes, in such a manner 
as to exclude any defects which may bo 
present. 

Sheet known as figured rolled glass is made 
in largo quantities. This is rolled in a some- 
what dilTorent manner, four I’ollors being used. 
Instead of moving rollers sucli as are used in 
tho method described above, iheso rollers are 
mounted in pairs and rotate about stationary 
axes, tho glass being drawn between the two 
rollers. The sheet is formed by tho first two 
rollers, and, passing through the second pair, 
receives tho im[)rint of a i)attorn which has lieon 
cut on one of tbose rollers. Kollcd slioot with 
sim^ilo patterns on it, such as parallel linos, 
cto., is also made by cutting tho surface of a 
casting table to the desired pattern and rolling 
■W'ith a single roller as described above. Tho 
pattern is only ])rossod on one side, since tho 
method adopted in cutting up tho sheets, 
i.e. scratching with a diamond point and 
then breaking along the seratoh, cannot be 
applied oonvoniently if tho surface scratched 
is not plane. 

Whore ^iln-to glass liaving a curved surface 
is required (such as that sometimes used in 
largo shop windows), tho plate is heated on 
a mould having tho desired curvature ; tho 
glass softens and takes the shape of tho mould. 
Great care is necessary to keoj) tho surface 
clean and free from defects during this opera- 
tion, since any dust, etc., settling on the 
surface gets burnt in when the glass softens 
in l)ontling. It is generally necessaiy to 
repolish parts of the surface, by liand, after 
tho bonding process. 
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(vi.) Pressed Glass . — Many kinds of cheap 
glass-ware, principally shallow vessels or 
solid objects, are made in presses, the glass 
being deposited in a mould and pressed into 
shape ■with a plunger. 

A number of different types of machines 
have been developed for this purpose, some 
being operated by hand and others being 
automatic. Some machines combine the 
operations of pressing and blowing. Machines 
of this description are in common use for 
the manufacture of such articles as jam jars, ‘ 
heavy wide-mouth bottles of all kinds, j 
tumblers, etc. The glass is fed, either by hand j 
or by an automatic feeding device, into the | 
first mould, the “ parison ” mould, and a j 
plunger presses the glass into a symmetrical j 
shape, this part of the process corresponding j 
to the marveling in a hand-blown article. 
The parison is considerably smaller than the 
finishing mould except at the neck, where 
the glass is pressed at once to the full finished 
size and chilled, thus affording a means of 
conveying the half-formed jar to the finishing 
mould. The jar is taken from the parison 
mould and transferred (holding it by the 
chilled neck, the lower part of the jar being 
still plastic), either by hand or automatically, 
to the finishing mould, in which it is blown 
up to the full size. The finishing mould is 
then opened (it is generally made in two 
parts), and the jar is conveyed to the lehr. 

The tendency of modern practice is to 
develop automatic processes, ■to increase and 
standardise production, and to cut do-wn 
labour expenses. Thus in an up-to-date 
bottle works the entire process, batch-weigh- 
ing, mixing, conveying, and charging into 
the furnace, is automatic, as is also the blowing 
of the bottles and the conveying of the bottles 
to- the annealing kilns (known as “ lehrs ”). 

There are many types of machines in use 
for the manufacture of hollow ware, bottles, 
jars, electric light bulbs, etc., some entirely 
automatic and others semi-automatic, i.e. 
requiring the assistance of a “ gatherer,” 
who gathers the glass from the furnace by 
means of an iron rod or tube and keeps the 
machine supplied. 

Of the fully automatic machines the Ovrens 
machine is perhaps the best known. This 
remarkable machine sucks the glass from the 
surface of a specially constructed tank into 
a mould (the parison mould), which it then 
withdraws from the tank, filled -with glass, 
trimming off the glass adhering underneath 
the mould -with a loiife. The neck of the 
bottle is chilled and the parison mould opens, 
leaving the half-formed bottle hanging by 
the neck. The finishing mould then closes 
round the bottle, wliich is at the same time 
hlo-wn out to its full size. This mould then 
opens and the bottle is throivn out into a 


chute which conveys it to the lehr. Eacli 
mould is mounted on one of a number of 
rotating arms, and, by this means, gathers 
the glass as it passes the tank and discharges 
its bottle just before it completes one revolu- 
tion or later, according to the type of machine. 
In order to present a continually fresh sur- 
face of the glass to the machine the hearth 
of the tank is revolved. The glass in the 
revolving tank is maintained at the same 
level, being fed continuously from the melting 
tank. The output from these machines is 
enormous, one 15-arm machine making up 
to 1000 gross of small bottles per day.^ 

There are many machines which are fed 
with a flow device, the glass flowing from the 
tank through a heated clay trough into the 
parison moulds. The rate of .flow can be 
regulated by means of clay stoppers in the 
trough. 

The manufacture of light articles, such as 
electric bulb.s, is now extensively carried out 
automatical!}’', the Westlake machine being 
perhaps the best kno-wn for this purpose. 
This machine gathers the glass, by means of a 
small cup, from a crucible into which the glass 
is ladled from the melting furnace. A 12- 
arm Westlake machine will produce up to 
100,000 bulbs per day.’- 

Processes are also in operation for the 
automatic manufacture of -window-glass and 
glass - tubing. In the window - glass process 
the glass flows or is ladled from the melting 
tank into a trough or basin, and a suitable 
“ bait ” is lo-wered on to the surface of the 
glass. The glass adheres to the bait, which is 
then slowly raised, drawng a sheet or tube 
(according to the shape of the bait) of glass 
from the trough. If the temperature is 
carefully controlled and the correct rate of 
drawing maintained, the process is continuous, 
the glass being dra-wn over rollers and through 
the lehrs to the sorting-house. In the tube 
process, when the required length has been 
dra’wn, the bait is raised quickly and the glass 
detached from the basin. The ends of the 
cylinder are then cracked off by passing a 
■wire round it, and it is then scratched longi- 
tudinally and opened out in a manner similar 
to the familiar hand process of making window- 
glass. 

Tank furnaces are now employed for melting 
glasses which, a few years ago, were invariably 
melted in pot furnaces ; for example, glass 
for electric - light bulbs, tumblers, chemical 
ware, tubing, table-ware, opal glass ; and it is 
claimed that lead glasses have been success- 
fully melted in tanks. 

The old rule-of-thumb methods are gradually 
being displaced in favour of more scientific 

’ Eor a description of some of the principal glass- 
making machines in use see Joum. Soc. Glass Tech., 
1917, p. 203 1918, p. 19 ; 1919, p. 182. 
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control, and wo lind, for instance, pyrometers 
and polarisoopes in oommon uso. However, 
in spite of the rapid advance in the engineering 
aspect of glass technology, there will always 
be a demand for the highly-skilled glass- 
blower for the manufacture of artistic table- 
ware, cut glass, and so on. 

§ (19) ANKiiSALiNO. — The viscosity of gloss 
rises very rapidly with a fall in tempornture. 
It is estimated that up to, say, (150° the viscosity 
i.s doubled for every 0° to 12° fall in temperature. 

(i.) Formation of -When a block 

of glass is c:ooling uniformly froju all aides 
there will bo a temperature gradient from 
the outside to the inside which will depend 
on the thermal conductivity of the glass and 
the rate of cooling. Since the thermal con- 
ductivity of glass is low, very largo tempera 
turo gradients are found if the heat bo removed 
rapidly from the surface. As long as the glass 
is mobile no strain will be introduced. When, 
however, the visoosity of the outer layer 
becomes sufficiently high to resist the oom- 
prossion duo to the shrinking of the inner 
layers, permanent strain may bo i)roduood. 
Lot us suppose that when this viscosity is 
reached the outer layer is 000°. Tiro centre 
of the block is then at, say, (550°. It is clear 
therefore that, if a is the moan linear cooniciont 
of expansion of the glass, the insitlo layers 
will tend to shrink apprt)ximatoly 0(50a i)or 
unit length when cooled to 0°, whereas the 
outer layer would only shrink (lOOa. When 
the whole block rcMiches room temperature 
the inside must, therefore, be in a state of 
tension and the outside in compression, the 
strain being roughly i)roportional to 50a per 
unit length, 50” being the dilTereniie in tempera- 
ture between the outside and the inside of 
the block at the time when the outside beoamo 
hard. Such a block would bo oonsiderably 
stronger and the surface harder than if free 
from strain. 

Now lot us consider the case of a plate of 
glass allowed to co<j1 rapidly from the upper 
surfac.o. A tomi)oraturo gradient will bo sot 
up, the lower surfaoo being, say, 50° hotter than 
the upper. The u[)per surface will sot hard 
at, say, 000° and shrink as it sets, and the lower, 
being still soft, will flow under the compres- 
sion duo to the slirinkago of the ujjper. 

There a])poar8 to ho a discontinuity in the 
ooeffloiont of expansion whieh incrooses by 
six or more times its normal value over a small 
range of temperature corresponding to the 
“ setting ’’ temperature. When the bottom 
of the t)look roaehes OfM)” and begins to set 
hard, the uf)por surface will have reached 550°. 
If the temperature gratlient luis reraainod 
constant no strain will be present in the plate. 
At this point the wliolo ]ilate has become 
“ set," and any ohange of temperature gradient 
will oonsoquontly produce strain. As the 


whole plate cools the tomporaturo gradient 
will diminish and, finally, the whole bloc.k 
will approximate to room tcmi)eraturo. The 
lower surface Avill then bo in a state of tension 
and the n])[)or in eompiussion. If the maxi- 
mum tension exceeds the tousile strength of 
the glas.s, a crack will develop in fhe lower 
surface and the glass will brt'ak. 

'(ii.) Propp.rlics of Flrained (Jhm . — iriiis 
plate will bo strong to an upward force tend- 
ing to produces concavity in the lower surfaeio 
and wetik to a downward force. hSimileirly, if 
scratched with a diamond on the bottom sur- 
face it will broalc easily, but not if scratched 
on the top. It is, therefore, desirable that 
glass roepiirod for gesnoral use should Iso as 
free fresm strain as possible, shuto the surfaces 
in tension are very vulnerable. However, 
for certain purposes some strain wesuld bo 
an advantage ; for example, in cortiain kinds 
of hollow ware which are not subjected to 
rough usage on the inside, or in the case of a 
lamp ohinsney which lias to resist sudden 
heating from the inside, comjsrcasion in the 
outer surface is desirable. 

Since glass-ware cooling quicklj^ generally 
loses heat from the outside, wo usually find 
muler-annoalod glass witlr its external surfaces 
in oomproasitnr. Thxxs, vvlvon glass tubing, 
which is seldom annealed after nxauufaoture, 
is out into standard lengths, arrangomon ts 
arc made, by moans of a diamond suitably 
raounied on a rod, for se-ratclung the inside 
of the tube, whieh then breaks easily akrng the 
Borateh. This cracking oil would pi’csent 
some diflieulty in tubing of large bore if it 
wore well annealed; in fact, it would bo 
nooossfxry to heat the glass to produce 
temporary strain. 

(iii.) Prorem of A nnenlinff. ~hi the process 
of xuxnoaling tliero aro two critical tempera- 
tures. The lower critical temperature ((i0()° 
in the oases died above) may ecniveniontly 
bo defined as the temperature at wliich the 
glass is just deformed at an a[)preeiable rate 
under a stress tHpial to its tensile strength 
when cold. Tlio upj)cr critical temperature 
may bo defined as tlie temperature tit which 
95 per cent of tlio stress in the ghxss disappears 
In throe minutes.’- Tlicso definitions are, of 
oouiue, purely arbitrary. 

The magnitude of the stresses in tlie glass 
will depend on tins temperature gratlient in 
the glass as it passes the lower oittloal tompora- 
turo. 

All glass -wai’O, with a few oxcoplions, is 
annealed after manufacture, generally by 
passing it through tunnel kilns (lehrs) wliloh 
aro Ixcatcci at one end. Tito tomtteraturo 
gradient of those lehrs is so arrongotl that 
the glass, when passing through, is heated ttt 

* For rncfcluKls of dotetmilnlna the crlUotvl tctriicni- 
turcs HOC Journ, 8 qc, GIosh Tech, 1, 61 and 11. 00. 
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its upper critical temperature and cooled 
slowly down to normal temperatures. For 
the success of the annealing operation it is, 
of course, essential that the rate of cooling 
he slow between the upper and lower critical 
temperatures, particularly in the neighbour- 
hood of the lower. The rate permissible 
varies, of course, with the thickness of the 
ware and the degree of freedom from strain 
required. 

Below the lower critical temperature the 
rate oi cooling is immaterial, provided always 
tliat the temperature gradient is not sufficient 
to cause cracldng of the ware. 

The annealing temperatures vary largely 
^vith. the composition of the glass. In the 
case of lead glasses the upper temperature 
ia about 450° C. and the lower about 300° C. ; 
with, soda-hme glasses the upper temperature 
lies between 500° C. and 000° C. with a 
lower temperature between 320° C. and 340° C. 
Some hard resistance glasses require to be 
annealed at 630° C. to 640° C. and have a 
lower temperature of about 350° C. 

The rate of cooling permissible depends on 
the thiclmess of the glass. Near the upper 
critical temperature the rate of cooling may 
be fairly rapid, but it must be diminished 
while passing the lower critical temperature. 
With a lead glass, a vessel with a tliickness 
of wall, say ^ in., can be cooled through its 
critical range at a rate of 50° per hour, whereas 
an electric - light bulb can be completely 
annealed and cooled to room temperature in 
3 minutes. A soda-hme glass J in. thick 
can be cooled through its critical range at 
about 15° per hour, and a complex resistance 
glass of that thickness would require cooling at 
less than 10° per hour ; in fact, it is extremely 
difficult to obtain thick samples of the latter 
glass entirely free from strain, even in the 
laboratory. 

In badly annealed articles it is quite usual 
to find tensile stresses of 1000 lbs. per sq. in. 
and often considerably greater. 

(iv.) Detection of Strain . — Strain may con- 
veniently be detected by means of a polari- 
soope, since glass is doubly refracting when 
strained. When viewed through a quarter- 
wave plate between crossed Nicols a slight 
strain in a glass article may readily be located 
and the degree of strain estimated.^ 

§ (20) Devitbtb’ioation. — The term devitri- 
fication denotes the formation of an appreci- 
able quantity of a crystalline phase in the 
glass. The condition which favours devitri- 
fication in a glass is supersaturation with 
respect to one of its constituents or compounds 
at a temperature at which the viscosity is 
sufiiciently low to permit of rapid crystal 
growth. The tendency of a glass to devitrify 

> " Annealing of Glass,” Journ. FranJelin Inst. 
Nos. 5 and 6, cxc. 


is influenced by factors which are as yet 
imperfectly imderstood. There is evidence 
that gases dissolved in the glass exert a marked 
influence in this respect ; certain glasses, 
made with raw materials which have been 
carefully dried before use do not devitrify 
when worked in the blow - pipe, whereas 
similar glasses made from a batch not specially 
dried devitrify readily. 

Certain constituents appear to inhibit 
crystal growth, whereas others appear to act 
as catalysts in accelerating it. Of the former, 
alumina is a notable case ; boric acid, in 
certain cases, is also effective. Of the latter 
class, sulphur trioxide, chlorine, and fluorine 
are examples. 

Of the crystalline phases which are formed, 
silica, in the form of tridymite, is the most 
common. In glasses rich in lime, calcium 
silicate (CaOSi 02 ) is formed, and, in barium 
glasses, crystals of barium-disilicate (Ba 02 Si 02 ) 
are- deposited. Tridymite generally separates . 
out from lead glasses, but in dense lead flints 
lead silicate is formed. These crystals may 
easily be distinguished by their refractive 
indices : 

Tridymite' . . . 1-469-1-473 

BaOCSiOala . . 1-598-1-617 

CaOSiOj . . . l'621-l-633 

Glasses containing soda are, in general, more 
liable to devitrification than similar glasses 
containing an equivalent amount of potash. 

For the prevention of devitrification in any 
particular glass the factors controlling the 
crystal groAvth must be considered. For 

example, in the case of a soda-lime glass rich 
in calcium we may expect the glass to become 
supersaturated with respect to calcium silicate. 
The addition of alkali to this glass -will increase 
the devitrification owing to the increased 
fluidity of the glass at any given temperature, 
but the addition of silica will increase the 
viscosity and diminish the devitrification. 
In the case of a glass rich in silica, say over 
73 per cent, the dangerous crystalline phase 
will be tridymite. The addition of lime to 
this glass Avill inhibit devitrification for the 
reasons given above. The addition of alumina 
to most glasses prevents devitrification. The 
formation of crystals is frequently observed 
on the surface of glasses which show no evidence 
of crystal growth in the centre of the glass. 
In some cases tliis may be due to the volatilisa- 
tion of alkali from the surface, giving rise to a 
thin surface film supersaturated with respect 
to silica. Glasses containing no appreciably 
volatile constituents show scums, however ; 
for example, a glass containing only CaO, 
MgO, and SiOg gives a scum of crystalline’ 
{MgO)5SiO. 

Manj' glasses, when heated in the blowpipe, 
show a ring, of faintly opalescent appearance 
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a short distance from the point where the 
flame impinges on the glass. This phenomenon 
is known as “bloom.” It has been shown ^ 
to be due to the reaction of sulphur compounds 
in the gas with the alkali in the glass. The 
reaction is at first superficial only and the 
Na 2 SO.j formed can be wiped off. If the glass 
is subjected to prolonged heating, a permanent 
opalescence is produced and can only be re- 
moved by melting the glass in the blowpipe, 
when the product of the reaction is dissolved. 

VI. Physical Properties 

§ (21). — The measurement of the physical 
and mechanical properties of glass, as may be 
expected from the nature of the material, is 
a matter of some difficulty. The classic re- 
searches of Winkelmann and Schott pointed 
the way to the further study of glass, but it is 
only in recent years that serious attempts have 
been made to cover the ground. 

In the first place, the properties vary very 
considerably with the composition of the glass, 
and it is difficult to obtain specimens mth 
the desired degree of uniformity. Again, the 
presence of strain exerts a marked influence. 
We have a further difficulty in that methods of 
measurement applicable to glass at ordinary 
temperatures, when for most purposes one may 
regard it as a sohd, have to be abandoned at 
higher temperatures in favour of those suitable 
/or dealing with liquids. We have therefore 
a gap in our knowledge of the properties in the 
neighbourhood of the softening pomt, where, at 
any rate from the point of view of the manu- 
facturer and those who have to manipulate 
glass at high temperatures, exact data is most 
needed. 

In this range there is evidence of a discon- 
tinuity in the properties (see “Coefficient of 
Expansion,” § (27)). Heating and cooling 
curves show that all glasses give an endothermic 
reaction on heating and an exothermic re- 
action on coohng. To detect this it is neces- 
sary to use a sensitive differential thermo- 
couple, the evolution and absorption of heat 
being extremely small. This phenomenon 
occurs at a point when the glass acquires a 
particular viscosity, and is coincident Avith the 
discontinuity in the coefficient of expansion of 
the glass.® 

An explanation of these phenomena is 
suggested by the work of Griffith,® which 
appears to indicate that, near the annealing 
range, the atoms or groups of atoms which 
above that temperature are arranged at 

^ Travers, Joum. Soc. Olass Tech. v. Cl. 

“ This affords a convenient metliocl for the deter- 
mination of the upper critical annealing temperature 
of an. opaque glass. See Scientific Papers of Bureau 
of Standards, No. 358, “ Concerning Annealing and 
Characteristics of Glass,” Tool and Valasek. 

® “ The Phenomena of Rupture and Flow in 
§olld?.” Roy. Soc. Phil. Trans. A, ccx.vi. 163. 


random rapidly form nuclei possessing a 
definite orientation. TIu'bo nuclei ehaiiis of 
molecules are forinod slowly at room tempora- 

fure. . . . 

It is suggested that this arrangomont of 
atoms causes local Btraiu which may ].ro(luco 
surface flaws. This theory aHsumeH that the 
attraction between the moloeiiles is a fiiuetiou 
of the orientation, sinco the groiqiing, to form 
a crack, must cause a dee.reaHO m the iioteutial 
energy 'of the system to eouuterbalaiuio the 
.surface energy of the crack. 

Experiments on ighiss ilhrcs show that a 
fibre, drawn rapidly from a biwul at a high 
temperature (i.e. oliillotl quickly thvoiigli the 
annealing range) has an almormal strcngtli- 
10® lbs. per sq. in. — of the same order us the 
“intrinsic pressure,’ onleulated from the 
energy required for volatilisation. 

After a short time, a few Jiours, this strength 
decreases, reaching a stahlo value wliieh 
depends on the diameter of tlio fibre. This 
fall in strength is accompanied by a oliango in 
dimensions. With fibros in the stable state, 
strengths have heen obtained from 00,000 lbs 
per sq. in. in a libi'O •0027*’ clianuster to 490,000 
lbs. per sq. in. in a fibre ■OOOl" diamotor. By 
extrapolation, for a fibre of Kero diamotor— i.e. 
of molecular dimensiona—we obtain a figure of 
about 10® lbs. per sq. in. 

These strong fibi'os are only obtained if the 
glass be drawn hot. If drawn out too ciold avo 
have a skin of chilled glass formed surrounding 
a fluid core ; furtlier oxtension Avill caiiso 
fracture of this slcin, giving rise to siirfaoo 
flaws. 

The slow deoroaso of tonsilo strongth at room 
temperatures, ascribed to molecular rearrange- 
ment with the attendant aiirfaeo Haws, explains 
the spontaneous cracking of glass artieles Avhioh 
sometimes occurs long after they have boon 
made. 

Winkelmann and Schott attempted to oon’o- 
late the physical X3ro])ortioH Avith the oliomleal 
composition and, aHsuming additive relatioiiB, 
to assign factors to the constitinmls by means 
of which the physelal eonstants of any glass 
could be predicted. Tho factors obtained 
were not by any moans satisfaetory for 
quantitative woi-k, but, in gcfnctral, wo have 
been able to discover from them the ct)mf)ara- 
tive effects of tlio oonstitiieiit oxides on tlio 
properties. 

§ (22) Density. — - Tho density of glass is 
approximately an additive function of tlio com- 
position, and can lie oxproHsed in the form of 
100/S =2(p/a), AvJiero S is tho density of tho glass, 
p the percentage of a oimstltuent in the glass, 
and a is a constant for that oonstituont. Tho 
values of a are not idoutioal wHli tlio donsities 

* Reference should be made te (be suniinivry of 
their Avork by Hoycatuclt In lib book Jtm (flass, 
translated by Everott. 
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of the oxides ; according to Winkelmann and 
Schott ft being always greater. Winkelmann 
and Schott assigned the following values for a : 


B 203 . . 

. 1-9 

AI 2 O 3 . . 

. 4-1 

SiOg 

. 2-3 

AS 2 O 3 

. 4 1 

isra,0 . . 

. 2-6 

ZnO . . . 

. 5-9 

K^O . . 

. 2-8 

BaO . 

. 7-0 

CaO . . 

. 3-3 

PbO . , . 

. 9-6 

MgO . . 

. 3-8 




The results obtained with these constants 
give values correct to within about 3 per cent 
of the observed densities for most glasses. 
More recent work has sho-ivn that the figure 
assigned to MgO is too high. Assuming a 
value of 2-3 for SiOo, Turner obtained a factor 
of 2-9 for Na^O and 2'9 for MgO. Tillotson 
lias also calculated factors which give good 
results : SiOo 2-3, CaO 4T, MgO 4-0, LigO 3-7, 
AI2O3 2-75. 

The presence of strain in glass may cause a 
variation in the density of one in the second 
decimal place. 

Optical glasses range from 2-3, a light crown, 
to 6-9, a dense flint. ^ 

Common bottle glass . . 2*46-2-47 

Plate glass .... 2'49 
Heavy flint table-ware . . 3-6 


The alkalis and RO group give a low dis* 
porsion relative to (and have a high v), lead 
oxide gives a high dispersion. 

Boric oxide lengthens the red end of the 
spectrum relative to the blue. Pluorine, 
sodium, and potassium lengthen the blue end. 
Barium, while giving a high gives a low dis- 
persion, and by its use we can obtain glasses 
with a high v value relative to their refractive 
indices. This property is of great service to 
the optician. 

The presence of strain lowers the re- 
fractive index. The greater the density 
of the glass the greater the variation in 
refractive index due to strain. It is there- 
fore necessary that optical glasses be an- 
nealed with the greatest care. In the best 
glasses, the retardation due to double refrac- 
tion should not exceed one-sixteenth of a 
wave-length. 

Below are given the optical constants of 
a few typical optical glasses. The figures 
given in the last column (taken from Messrs. 
Chance’s list of optical glasses) show tlje 
wave - length at which the transmission is 
reduced to 50 per cent through a plate 1 cm. 
thick. * 


Type. 



V, 

C-D. 

D-F. 

F-G'. 

Density. 

Wave-length 
for 50 per cent 
abs. 

Fluor, crown . 

1-4785 


70-2 


-00480 

•003G3 

2-47 

•301/1 

Boro -silicate ) 
crown / 

1-5126 


62-7 

HM 


•00458 

2-52 

Barium crown 

1-5881 

■M 

61-1 



•00544 

3-31 

•368/(, 

Silicate croNvn 

1-5204 

-00869 

59-9 

Bn 

Bns B 

•00492 

B-BiB 

Zinc crown 

1-5149 


67-9 


-00625 

•00506 

2-62 

•323/x. 

Baryta flint . 

1-5516 


61-7 


-00757 


2-99 

•323/i 

Light flint. 

1-6632 

-01312 

42-9 

■00376 

-00937 

•00781 

3-07 

Denso flint 

1-6182 

-01097 

36-4 

-00484 

•01213 


3-60 

•337/1 

Heaviest flint 

1-9044 

-04174 

21-7 

•• 

•03023 

•02726 

5-92 


§ (23) Optical Peopeeties. — For optical 
purposes the refractive index for light of wave- 
lengths '6563^, -5893^, •4862/t, and -4341^, 
the C, D, P, G' lines, is determined, and it is 
usual to specify the refractive index for the D 
line Jijj and the jpartial dispersions. The ratio of 
(njj - 1) to the “ mean dispersion ” is also gener- 
ally stated. This quantity 
is known as v. 

For most glasses the refractive index in- 
creases with the density and mean dispersion, 
while the value of v decreases. Glasses having 
a high V are generally designated crown glasses 
and those with a low v flint glasses, the dividing 
line being a v value of 55. 

' Winkelmann and Scliott, Larsen, Amer. Jowni. 
Sci., 1909, xxviil. 236; Tillotson, Joum. Ind. Ena. 
Ghem., 1912, iv. 246 ; Journ. Amer. Oer. Soc., 1918, i. 
76; Turner and English, Joum, Soc, Glass Tech., iv. 
126 and 153. ’ 


§ (24) Steength. — The strength of glass 
varies very considerably with the composition 
and degree of anneahng. The difficulty of 
handling so brittle a substance when testing 
has led to very divergent results from different 
observers. 

The tensile strength probably varies 
between 2J and 10 tons per sq. in. Under 
certain conditions glass fibres h.ave been pre- 
pared — 00013" in diameter — having a tensile 
strength exceeding 214 tons per sq. in.® 

Crushing strength, 10 to 15 tons per square 
inch. 

Winkelmann and Schott placed the oxides in 
the following order, as regards their influence 
on the glass in tension : CaO, ZnO, SiOo 
PoOj, B2O3, BaO, AI2O3, AS2O3, PbO, Nuad, 
KgOj MgO ; in compression, SjO„ MgOg, A1„0.,, 
BoOg, ZnO, PbO, BaO, K^O, NajO, in descend- 
* Griffith, Phil. Trans. A, ccxxi. 
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ing order of strcngtii. (TJio iio.sitions of CaO 
and MgO are doubtful.) 

§ (25) Hardness. — Tlie hardness of annealed 
glass on Mohs’ scale varies between quartz and 
fluorspar. Various attempts have been made 
to assign factors to the constituent by moans 
of which absolute hardness may bo calculated, 
but they have met with little success. 

All glasses will scratch any other glass. 
Auerbach attempted, by measuring the size of 
the scratches, to arrange glasses in order of 
their scratching powers and their rosistanco to 
scratching. It was found that the order 
obtained by an estimation of their scratching 
powers was not by any means identical with 
their resistance to scratching. 

The hardness of a glass surface depends very 
largely on the heat treatment it has received, 
surfaces in compression being considerably 
harder than those in tension (see “Annealing,” 
§ (19)). It is claimed that by extronroly rapid 
chilling it is possible to obtain a glass which 
cannot bo scratched by a diamond. 

Various processes have boon j)atcntcd for 
hardening sheet glass by chilling the surface. 
Rapid chilling can bo obtained by piessing the 
hot glass shoot between copper plates. Glass 
so treated is said to withstand eight times the 
shook which would fracture a similar shoot if 
annealed. The success of such a process 
depends on the uniformity with which the 
chilling is offooted. 

§ (20) Elastioitv. (i.) Young's Modulus. 
— Young’s Modulus varies from 4'9 to 5*9 
dynes per sq. cm. for flint glass and from 5-9 
to 7-8 for crown glasses. 

Clarke and Turner have calculated faot'.ors 
for various oxides which satisfy the equation 
E (Young’s Modulus) p being the i)or- 

centage of the oxide in the glass and z a con- 
stant. This formula gives good results for 
soda-lime glasses. 


Oxldo. 

Viilno (if z 

(glvtns Bin Itg, porza.om.). 

SiOa . . 

. 40 

NoaO . . 

. 110 

(AhOa) . . 

. . . 120 

(FoaOa) . . 

. . . 120 

CaO . . . 

. 240 

(MgO) . . 

. 300 

The values for the oxides in brackets require 

further verification. 



§ (27) COKEEfCIENT 

oy Expansion. — TJio 

linear coeflicient of 

expansion varies from 

3-3 X 10-0 to 14x10- 
boing 0-4 x 10"®. 

that of fused silica 

Tyiilfiil (IlKHHoa. 

IJjifwir {'ifoOlcli'ut 
(l)“-10lP)xl(Hi. 

Heat - resiHting glass 

(cook. 

ing ware, etc.) 

33 

Jena 50"' . 

5-7 

Jena 10"' . 

7 8 

English Inboratorv ware . 7-4 

Flint glass 

7 to 8 

Soda-lijne glass 

. . 7 '5 to 9 *5 and over. 

Turner and EngliBh 

have suggosted factors 

for the calculation of 

tlio cooflicionts of ox- 

pansion by the formula a-Epa x 10"^, p being 
the iicrcentago of any constituent and z a 
oonstarit assigned to it. 

oxlilll. 

Valuo of Z. 

BiOa 

. 0-05 

NajO . 

. 4'32 

CaO 

. . . 1.03 

MgO . . 

. 0.45 


It will bo soon that the coeflicient of oxpan- 
sion is sensitive to a small elmnge in the alkali 
content of the glass ; an increase of 1 per c'cnt 
in the alkali may cause an increase of 5 i)or cent 
in the expansion. 

The expansion is affected considerably by 
tlio proaonoe of strain in the glass. Values 
obtained from strained glass may bo 5 per cent 
higher than those from the same glass after 
annealing. 

'The coolliciont of exjjansion rises steadily 
with the tem])crature, a linear relation holding 
over a small range of tenqierature. With all 
glasses, liowovcr, there is a (lisoontinuity in 
the expansion near the annealing tojuporaturo 
of the glass, the coeflicient increasing by six 
or oven more times its normal value. 'J'his 
abnormality only persists over a short range 
of temperature, the oaefTioiont tif expansion 
falling at higher tomperatui’ca.^ 

§ (28) SPKaiKio Hisat.— The spooifio heat of 
glass at normal temperature may bo calculated 
to within 1 per cent from the spoeifin heats 
of the constituent oxides, the sj)ooifio boat 
c=sl/1002lPC'', I* being the poiventago of 
the constituent and & its sijccific heat. 
Winlcelmann assigns the following values 
of C' : 


(ii.) Rigidity (Torsion Modulus ). — 

Hint gloss . . 2'0-2'6x 10* (dynes per sq. om.) 

Crown glass . 2'6-3-2 x 10* (dynes per sq. om.) 

(iii.) Volume MasticUy (Bulk Modulus).— 
Hint glass. . 3-6-3'8 x 10* (dynes per sq. om.) 

Crown glass . (t'0-6'9 X 10* (dynes per sq. ora.) 

(iv.) Poisson's Ratio . — 

0-21.0'28. 


8iOj . 

. .1913 

BaO . 

. .00728 

BjOa . 

. -2272 

Naj,0 . 

. .2074 

ZnO . 

. -1248 

KjO . 

. .1800 

P1)0 . 

. .05118 

LijO . 

, .5407 

MgO . 

. .2439 

CaO . 

. .1903 

AlgO^ • 

. -2074 

PaOfi . 

. .1002 


. -1270 

MngO'' . 

. *1061 


The thermal capacity per unit volume shows 

' “ Measurement of Thermal Dilation nt High Tom- 
noratures,'* Voters and Cragoo, Bureau of Standards 
Bclontlflo Papers, Ko. 308. 
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only an approximate approach to constancy, 
varjhng from about 4-7 to 5-1. 

Lead flint, specific heat . . . '14 

Soda lime, specific heat . . . OS 

Tlie specific heat rises with the temperature.^ 

Glasses have a specific heat only shghtly 
higher in the amorphous state than in the 
crystalline (devitrified), with the exception of 
glasses rich in alkali, where the difference is 
considerable. 

§ (29) Thbrmai, CoNDTJCTiviTy. 0015- 

•0025 C.G.S. units. These figures may be 
taken as approximate for room temperature. 

§ (30) Eleotbical CoNDtrcTiviTy and 
Speoifio Induotive Capaoity. — The conduct- 
ivity of glass depends largely on the alkali 
content of the glass. Glasses rich in soda 
have a high conductivity. The substitution 
of potash for soda reduces the conductivity. 

Ambronn ^ states that the conductivity can 
be expressed in the form Lo and jS 

being constants, L the conductivity, d the 
absolute temperature. can be expressed as 
a linear function of the soda and lime in the 
glass. 


Type of Glass. 

Specific UesUtanceXlO*®. 

Temperature, 

° C. 

Soda lime . 

631-05 

65 


89-16 

72 


11-901 

93 


1-874 

116 


0-202 

149 


Specific Inductive Cap. 



6-26 

11 


6-79 

129 


Specific Eeeistancc. 


Soda lead . 

. 215-13 

73 


144-64 

83 


20-82 

104 


4-93 

120 


1-89 

140 


Specific Inductive Cap. 



7-36 

19 


8-44 

130 


Spoclflo Roalstanoe. 


Potash lead. 

1328-6 

142 


Specific Inductive Cap. 



6-76 

18 


According to Gray and Bobbie,® annealing 
reduces the conductivity of glass by many 
times its value in the unannealed state. 

* White, Am&r. Journ. Sci. xxviii. 334. 

® Ambronn, Phys. Zeitsch., 1913-14, 112: 1918-19, 
401. 

“ Gray and Dobbie, Proc. Roy. Soc., 1898, Ixiii. 
88 ; 1900, Ixvli. 197. 


§ (31) Thermal Endhbance. — Winkel- 
mann and Schott adopted the formula 



E being the resistance to a sudden change 
of temperature, 

P= tensile strength, 
a = coefficient of expansion, 

E= Young’s Modulus, 

K= thermal conductivity, 

S= density, 

C= specific heat. 

Values calculated by this formula are more 
or less in accordance with experimental results. 

Since the coefficient of expansion changes 
more rapidly with composition than do the 
other physical constants, the thermal endur- 
ance is therefore largely governed by the value 
of a. Glasses rich in alkali are therefore the 
most liable to break with changes of tempera- 
ture. Glass being considerably stronger in 
compression than in tension, it follows that 
it will be more resistant to sudden uniform 
heating than to sudden cooling. Glasses 
which will not withstand a rapid fall of 50° 
without cracking can be heated rapidly to 
several hundreds of degrees without risk. 
It is probable that the condition of the surface 
of the glass plays an important part in the 
thermal endurance. 

Tests of the thermal endurance of hollow 
glass-ware may be carried out as follows : 
A beaker or flask of the glass under test is 
filled with wax and heated to a degree or so 
above the temperature of testing. It is then 
allowed to cool, keeping the wax well stirred, 
until the required temperature is reached, 
when it is plunged into iced water. Tins 
operation is repeated at successively higher 
temperatures until the beaker cracks. This 
test can usually be made to repeat to within 
15° C. 

Good beakers should stand 150° C. without 
cracking under this test. Laboratory ware 
containing striae are found not to be inferior 
to those free from cords, although the former 
must be in a state of considerable strain. 

§ (32) Shbfaoe Tension. — ^The surface ten- 
sion of glass * has been measured by Griffith 
at temperatures up to 1100° C. and a value 
at 15° 0. obtained by extrapolation.® 


Temperature, ®C. 

Surft.ee Tension in lb 

1100 . 

. . -00230 

.906 . 

. -00239 

801 . 

. -00257 

745 . 

. -00251 

16 (extrapolated) . . -0031 


* The glass used had the following composition : 
SiO,, 69-2 per cent ; KjO, 12 per cent ; NaaO, 
0-9 per cent; AI2O3, 11-8 per cent; CaO, 4-5 per 
cent ; MnO, 0-9 per cent. 

® Griffith, Phil. Trans. Roy. Soc. A, ccxxi. 
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§ (33) VisoosiTY. — The viscosity of glass ] 
falls rapidly -with a rise in. temperature. 
There are great exioerimental difficulties 
associated with the measurement of viscosity 
at high temperatures, and there is but little 
data on the absolute viscosity of glass at present 
available. Practical glass-makers have, how- 
ever, collected information as to the general 
effect of certain constituents on the molting 
temperature and rate of sotting, i.e. the 
temperature coefficient of viscosity. Thus, 
the addition of silica decreases the tempera- 
ture coefficient, i.e. glasses rich in silica have 
a long working range, whereas the addition 
of hme increases the temperature cooffloiont. 
Alumina and baryta are also said to impart 
a high temperature coefficient to glass. 

The viscosity of glass at the “ fining ” 
temperature is of the order of 50 (absolute 
units). At the gathering temperature the 
viscosity is from 1500 to 3500, depondmg on 
the size of the ware manufactured and the 
method of blowing. With automatic blowing 
devioes the glass is gathered at a much lower 
viscosity. The viscosity at the annealing 
temperature is lO’^^-lO^*. 

The measurement of viscosity has boon 
used for the dotormination of the annoaling 
temperature, the method adopted being the 
observation of the rate of twisting of a glass 
rod under a Icnown torque.^ 

VII. COLOURBD AND OpAD GlASSDS 

§ (34). — Coloured glasses may bo divided 
into two grouxjs, according as the colouring 
agent is (i.) apparently in true solution in tho 
glass or (ii.) suspended in a fine state of 
division resembling a colloidal solution. As 
in tho ease of aqueous solutions, there is no 
sharp line of demarcation between tho two 
groups. 

Coloured glasses in tho category (i.) are 
produced by tho oxides of iron, titanium, 
manganese, cobalt, nickel, ohroraium, copper, 
etc., and in tho second group (ii.) by tho 
elements carbon, copper, gold, and selenium, 
etc. The opal glasses may bo considered ns 
coming under the heading (ii.). 

(i.). — The colours produced by tho various 
oxides vary somewhat with tho composition 
of the glass and tho conditions of melting 
{i.e. oxidising or reducing). In tho case of the 
green glasses, tho soda glasses tend to a bluish- 
green and the potash to a yellowish-green. 

(ct) Iron . — In the divalent state iron im- 
parts a bluish -green colour, in tho tri valent 

^ Littleton and Beberta, Joum. Opt. Soo. of Avm. 
Iv. 4 ; Trouton and Andrews, Proa. Phys. Soo. Land, 
xlx. 47. 

For data on tlio viscosity of cdaas and slara seo 
Arndt, Zeit, fUr Electrochemie, 1907, j). 572 ; Chem. 
Apparalenkunde. 1003, No. 3 ; Field, Trans. Far, 
Soc., 1917-1918, xlil.; Washburn, Phys. Rev., Feb. 
1920, XV. 2. 


condition a greenish-yellow is ]n’oduced. d’ho 
colour from tho divalent iron is much more 
intense than that from the trivahmt, and 
hence oxidising conditions ‘ of melting are 
oonduoivo to freedom from colour. 

(5) Titanium oxide in combination with .iron 
is used for tho production of amber glass ; 
very beautiful shades of amber may bo 
obtained. 

(c.) Manga, ne.se . — Manganous compounds 
liAvo very little colouring action on glass, 
giving a faintly green colour in small con- 
centrations and a brown colour in largo. When 
oxidised, colours ranging from ))ink to ]mr])lo 
are produced. In small quautities manganic 
compounds neutralise tho bhu'-greon colour 
duo to iron and are, accordingly, frequently 
used for this purpose, where oxidising con- 
ditions prevail. Useil in larger quantities 
with iron, amber glasses are iirodueed. 
Manganese is used extensively in combination 
with other oxides where a purple tint is 
required. 

{d) Nickel . — ’The colouring effects of nickel 
are very variable ; in fact, it has been claimed 
that with this oxide alone all the colours in 
tho spectrum con be produced, with suit- 
able modifications of the batch mixture 
and fuing conditions. Nickel is little used, 
therefore, commercially, although it is some- 
times used with oonsiderablo success as a 
decolorisor to neutralise tho effects of forrio 
iron. 

(e) Cobalt yields intense blue glasses. 
O'OI per cent of tho oxide is sufficient to 
produce a pale blue and ()•! ])cr ci>nt a medium 
blue glass. Tho action of cobalt is similar 
in reducing and in oxidising conditions, and it 
is used almost exclusively for tho production 
of blue glasses. Cobalt glasses, however, 
transmit an apj)reciable jiroiiorlion of red 
rays. Tho addition of a small ([uantity of 
chromium outs out the rod rays (I jiart of Cr 
to 10 Co). 

(/) Chromium produces inionse green 
glasses, but tho colouring effect is not so 
strong as in tho case of cobalt. It is used 
extensively in tho industry, since the chromium 
colours are little affected by melting conditions. 
Chromium is generally intwiduood in the form 
of potassium bichromate. 

{g) Copper. — Diveilont cojipor gives tints 
varying between blue and green. Under ro- 
duoing conditions ruby glass c£Ui bo obtained 
(soo below). 

(/t) Iridium imparts a neutral grey tint. 
In large quantities a black glass can bo 
obtained. 

{%) Cadmium, in tho form of the sulphide, 
produces a rich yellow glass. 

(j) Uranium also gives a yellow glass, 
oharaoterisod by a marked fluoroscenco in any 
bub load glasses. 
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(h) Antimony may produce yellow glasses 
when used mth lead batches. 

(ii.). — In the second group of colouring 
agents copper, gold, and selenium are used 
commercially for the production of ruby glass. 
The manufacturing process presents some 
technical cLLfhculty. 

(a) The copper ruby is the cheapest to make, 
but the process requires great care, and 
frequently inferior colours are produced. It is 
necessary that the copper be reduced to the 
metallic state, and the presence of a reducing 
agent is necessary. Partial oxidation imparts 
a muddy green colour to the glass. The 
copper is usually introduced into the batch in 
the form of the oxide. When the glass is fine 
the copper is apparently in complete solution, 
and proofs taken from the pot and chilled 
quickly may be colourless. The glass is then 
gathered and blown to the required shape. 
The article is then reheated and the ruby 
colour comes up (the glass being said to 
“ strike ”). With the copper ruby the colour 
is so intense that it is necessary to use the 
ruby glass in thin sheets only, the articles 
required being “ flashed ” with ruby (i.e. 
made from colourless glass and covered with 
a thin coating of ruby ; this is effected by 
gathering the glass for blowing the article 
from a pot containing “ white ” glass and 
then, before blowing, dipping the gather in 
the ruby glass ; by this means glass-ware can 
be made with an extremely thin coating of 
ruby glass). When the glass is reheated the 
particles begin to aggregate, and when the 
glass “strikes” they have attained a suffl- 
oient size to produce scattering of the light. If 
the ruby glass is heated further the colour 
will change to purple, and from purple to blue 
as the particles increase in size. Finally, if 
heated for a sufficient time at a suitable 
temperature, the particles become visible 
and the well-known copper aventurine glass 
is produced. To obtain a good ruby the degree 
of dispersion of the metalhc copper hes within 
fairly narrow hmits. 

(b) The gold ruby is made in the same 
manner, but the glass is much easier to handle, 
since there is not the same tendency to oxida- 
tion as in the case of the copper ruby, and it is 
possible to work with small concentrations 
of gold. It is therefore not necessary to 
“ flash ” gold ruby. The gold is usually 
introduced in the form of gold chloride. 

The presence of tin oxide greatly facilitates 
the striking of the ruby and is almost invari- 
ably used in the industry with the copper 
ruby, and generally with the gold ruby. 

(c) Selenium in the metallic state is also 
used for the production of ruby glass. In 
small quantities selenium is used as a 
“ decoloriser ” under conditions sufficiently 
reducing to ensure that the selenium remains 


in the metalhc state. It is used for tliis 
purpose in tank furnaces. The oxide of 
selenium exerts no colouring action. 

(d) Carbon, in suspension in glass, gives 
colours ranging from yellow to amber. 

(e) Many special glasses have been made 
for the transmission and absorption of fight 
of particular wave - length. Thus there are 
at present on the market a large variety of 
glasses similar to Crookes’ glasses, the principal 
constituent of which is cerium oxide, which 
transmit nearly all the fight in the visible 
spectrum, but are particularly opaque to 
ultra-violet light and cut down the infra-red 
fight considerably. The absorption of these 
glasses for ultra - violet light is said to be 
improved by exposure to a strong source of 
ultra-violet. Similarly, nickel glasses are 
made which are opaque to visible radiation 
but are highly transparent to ultra-violet 
fight. 

(/) The colour of glass is modified by 
the prolonged action of sunlight and ultra- 
violet light. Glasses containing manganese 
rapidly develop a purple colour on exposure 
to intense ultra - violet fight. This colour 
disappears if the glass is heated to its softening 
point, but reappears again if exposed further 
to ultra-violet fight. Soda -lime glass tends 
to develop a blue colour, nickel and selenium 
• a yellow. 

(fir) A rise in temperature displaces the 
absorption in coloured glasses towards the 
red end of the spectrum. 

§ (35) Opal Glasses. — Opal glasses are 
made under conditions somewhat similar 
to the manufacture of ruby glass, the opal- 
escence being due to the presence of small 
particles in suspension. Some of the opals, 
however, are regarded as being emulsoids 
rather than suspensoids, the disperse phase 
being a glass insoluble at low temperatures. 

(i. ) Fluoride Opals. — The most common 
opacifying agent is fluorine. This may be 
introduced as fluorspar ( CaFg), soefium fluoride 
(NaF), or cryolite (SlSTaF, AlFg). In practice 
the presence of alumina serves to facilitate 
the production of the fluoride opals, although 
these can be made -without alumina. The 
most usual ingredients in an opal batch are a 
mixture of fluorspar and felspar or cryolite 
alone, or a mixture of the three. Up to 
20 per cent of cryolite may be used in an 
opal batch. The character of the opal varies 
somewhat with the form in which the fluorine 
is introduced. Thus, the NaF opal is faintly 
opalescent over a long range, whereas the 
cryolite opal strikes rapidly. By a careful 
control of the quantity of fluorine present 
opals can be made to remain clear when 
cooled quickly and to strike when reheated. 
Various ornamental effects are thus intro- 
duced into artistic ware by judicious local 
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heating. The composition of tlio suspended 
particles is not yet Icnown with certainty. 

(ii.) Phosphates . — Good opal glasses are 
also made with calcium phosphate (bone ash) 
as the opacifying agent. These opals strike at 
a higher temperature than the fluoride opals ; 
they require a higher temperature to molt, 
and are not so easy to manipulate. They have 
the advantage, however, that they do not 
tend to “ boil ” readily if overheated, as do 
the fluoride opals, which evolve fluorine coju- 
ously if the temporatui’o bo allowed to exceed 
1300“ C. 

(iii.). — There are other materials sometimes 
used in the manufacture of opals, Arsonio 
yields a good opal, and oxide of tin is used, 
especially in the enamelling industry. 

The opal glasses are usually fragile and 
break easily if exposed to a rapid change of 
temperature. If reheated for any length 
of time, or worked in the blow-pii) 0 , the 
suspended particles grow, especially if the 
concentration of the opacifying agent in the 
glass is high, and the glass has the appearance 
of devitrifleation, the surface losing its gloss. 
If examined microscopically it is soon that 
the particles consist of globules of a glass 
having, as can be determined by manipulation 
in the blow-inpo, approximately the same 
softening point as the matrix. 

Opalescent oflccts are often found as the 
result of incipient dovitiifloation, the crystal- 
lisation of silica sometimes producing this 
eflect. 
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VIII. Misoellanuops and Ornamental 
Glasses 

§ (36) Out Glass. — Cut glass is in common 
use for many purposes — tablo-waro, massive 
glass-ware, etc. This industry is larger than 
is generally supposed. The preparation of 
out glass-ware is a laborious operation requir- 
ing considerable skill. TJie first stop is the 
preparation of the “ blank,” which may either 


be pressed or blown, generally the latter, 
Tho pattern to be cut is then ] minted on tho 
blank ; these patterua are often very com- 
l)licated. Somotimea a transfer is used for 
this purpose. Tho ware is thou taken to tho 
grinding shoi) and ground on a coarse stono 
or an iron wheel fed with sand. After tho 
coarse grinding tho glass is linished on a liner 
grade of emery or earborundum wheel, and 
finally polished on a w^oodon Avhool fed with 
putty powder (tin oxide). In tho ease of 
heavy articles this work ia very laborious, 
a heavily cut pioeo taking some weeka to 
comploto. 

After tlio fine grinding tho polishing ia 
sometimes olTectod by ” acid polishing,” 
thereby avoiding the use of the wood(ui wheel 
and putty powder. In this process tho ware 
is dijiped into a solution containing hydro- 
fluoric acid. If tho composition of tho solution 
is iiroporly controllod a beautiful finish is pro- 
duced on tho glass— with a groat saving of 
time and labour. 

§ (37) ENGHAViNa.— Tina form of decora- 
tion ia frequently applied to ” flashed ” glass, 
but is also employed for colourless glass, 
Tho engraving is oaniod out by moans of a 
small soft iron or copper disc, usually revolv- 
ing at a high speed, fed Avitb lino ornery or 
carborundum powder. In tho hands of a 
highly skilled engraver very hoautiful and 
delicate olloets may bo produced. 

§ (38) Ktoiiinu and JOmudssino, — Most 
glass-ware may he etohod by means of a 
solution of hydrofluoric aeid or aodium 
fhuirido. A weak solution of hydrofluoric 
acid leaves a jjolislied surface; strong liydro- 
fluorio and sodium fluoride give mutt surfaces, 
tho latter reagent yielding a liner grained 
surfaoe than tlio former. 

In tho etching process tho glass is first 
coated with IJninswiolc black or wax, leaving 
tho parts to bo otehed uncovered. This ia 
ollooted either by means of a transfer or by 
coating tho wliolo surface with wax and 
cutting away tho part to bo otehed. h’or 
small designs a pantograph is sometimes used 
for this ])urpoao. The glass is then immersed 
in tho otolung solution and afterwards washed. 
Tho wax may tlion bo washed oil with hot 
soap and water, tho Brunswick blade being 
romovod by washing with turpentine or a 
solution of oaustio soda. 

Tho solvent notion of a weak solution of 
hydrofluoric acid affords an oxoollent metlrod 
for cleaning glass surfaeos. Glass rinsed 
with a weak solution Is cleaned almost 
instantaneously witliout an approolablo loss 
in weight, 

§ (39) Sand-blastinci.— T his is tho choapost 
mothod for preparing a ground-glass pattern 
on gloss surfaces. It is commonly used for 
labelling bottles, oto. A stream of sliarj). 
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grained sand is blown against the glass by 
means of a steam- or air-blast, and a ground 
surface is rapidly produced on those parts 
not protected. The glass to be sand-blasted 
is covered with a stencil plate cut, from 
metal foil or parchment, to the desired 
pattern. For elaborate patterns dextrine, 
applied by means of a stencil, is sometimes 
used as a protection. 

§ (40) Frosted Glass. — So-called frosted 
glass is made by coating the surface of glass, 
which has previously been sand-blasted, with 
glue, which, on drying, contracts and chips 
off flakes of glass, producing the appearance 
of a frosted window-pane. 

§ (41) Beads. — Small glass beads are usually 
made from tliick-walled tubing. Short lengths 
are out from the tubing and these are heated 
in a revolving drum until the edges are 
rounded off. To prevent the beads from 
adhering to each other and the holes through 
them closing up, they are kneaded with clay 
or talc before heating. They are subsequently 
polished by being shaken with bran. Glass 
marbles are made in a similar way, using 
rod instead of tubing. 

Opaque glass for making beads is sometimes 
obtained by stirring the glass rapidly before 
drawing the tube. By this means a large 
number of small bubbles are introduced into 
the glass, which somewhat resembles mother- 
of-piearl. 

Larger beads and imitation pearls are made 
by blowing small bulbs from tubing. Coloured 
pigments are then introduced inside the bulbs. 
In the manufacture of imitation pearls 
“ essence of pearl ” is used. This is made 
from scales of fish ground to an impalpable 
powder. The silver and coloured balls 
(associated with Christmas trees) are made by 
silvering the inside of the bulbs and then 
painting the outside with a transparent 
enamel. 

§ (42) Drilling and Slicing. — Glass may 
be drilled by means of a sand - blast. For 
finer work, a hard steel drill, lubricated with 
turpentine, or a oopjier or brass tube, fed 
with carborundum or emery, may be used. 

Blocks of glass may be out rapidly by means 
of a diamond circular saw — a soft iron or nnld 
steel disc armed with diamond dust. 

§ (43) REiN.TroRCED Glass. — Various pro- 
cesses have been employed for strengthening 
sheet glass. Of these, the most common is 
the use of wire - netting embedded in the 
glass. The wire, which is pre - heated, is 
rolled into the glass during the manufacture 
of the sheet. 

Another process now in operation consists 
in cementing together thin glass sheets by 
means of a tliin layer of celluloid. A com- 
posite sheet made in this way will not splinter 
when broken. 


§ (44) Fused Silica. — For the properties 
and uses of fused silica, or quartz glas.s, see 
article on “ Refractories.” 
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Glass, Action op Steam on. See “ Glass, 

Chemical Decomposition of,” § (2). 

GLASS, CHEMICAL DECOMPOSITION OF 

§ (1) Devitripioation and Colour Changes. 
(i.) Atmospheric Agents . — All glass is to a 
greater or less degree subject to change after 
manufacture. These changes may arise from 
chemical transformations occurring in the 
body of the glass itself, or may be produced 
by agencies outside giving rise to modifications 
of the surface of the glass; in both cases 
the glass is considerably altered, and where 
the transparency is of prime importance the 
glass may be rendered quite unserviceable. 

The chief change arising in the body of the 
glass itself is known as devitrification, and 
is caused by the crystalhsation of various 
metallic silicates, or more rarely silica, giving 
rise to definite crystalline aggregates, or in 
extreme cases a micro-crystalline structure 
affecting the whole mass of glass and render- 
ing it opaque. These phenomena are usually 
noticed in batches of glass which have been 
allowed to remain for prolonged periods at 
too low a temperature during melting, or on 
reheating for the purposes of working or 
annealing; during any of which operations 
the range of temperature for the formation 
of the various silicates has been maintained 
for prolonged periods, thus favouring their 
crystallisation and separation. Recent re- 
searches made on the cooling of molten 
silicate mixtures and the thermal effects 
observed during the process have enabled some 
of these critical ranges to be avoided, with the 
result that devitrification has become a less 
serious problem. Various impurities appear 
to induce devitrification, while the favourable 
influence of others in preventing the trouble 
(e.g. alumina) have been known for a long 
time. 
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Glass also undergoes certain chemical 
changes from within duo to other causes than 
those of devitrification. 

In the manufacture of glass of the liighest 
quality for optical purposes, or for uso whore 
the maximum transparency and lack of colour 
is of prime importance, the greatest care has 
to be taken to ensure that all the materials 
used are of the highest degree of purity. 
For example, it has been found that the 
presence of chlorides or sulphate in the alkali 
used in the manufacture of potash load glass 
is capable of producing cloudy glass unless 
certain i)recautions are observed during the 
process of manufacture. By employing a 
high temperature, or by the addition of borax 
to the molt, the trouble may bo obviated. 
It is, however, not impossible to obtain alkali 
which is practically free from those impurities, 
and this course is to be ])roforred. 

Another impurity which is impossible to 
•remove entirely, and which when present in 
any but the most minute proportions (0*03 
per cent) produces a distinct coloration, is 
oxide of iron. The coloration can be destroyed 
by the addition of peroxide of manganese. 
The addition, however, frequently causes a 
secondary change to supervene, giving rise to 
the formation of a pink colour. Several 
exj^lanations have boon given of the pheno- 
menon. The first action of the oxide of 
manganese is to oxidise the iron, producing a 
nearly colourless ferric siUcato, which under 
the influence of sunlight, or the ultra-violet 
rays, is capable of again becoming deoxidised, 
giving rise to a higher and coloured oxide of 
manganese. It has also been supjmsod that 
the colour is duo to the formation of alkdlino 
permanganates. The strong pink colour aris- 
ing from this change is commonly noticed in 
old window glass. In the manufacture of the 
best optical glasses little or no manganese is 
added, but every precaution is taken to ensure 
that all the materials are as free from iron as 
possible. Glass which has become coloured 
by manganese in this way is rendered colour- 
less on again remolting. The presence of 
some base which is capable of forming a 
higher and lower oxide seems necessary before 
the influence of manganese makes itself felt. 

(ii.) Action of Water . — In addition to the 
changes arising in the mass of the glass 
itself, there are others which are caused 
by outside agencies and affect its surface, 
resulting in the production of tarnish, or 
actual disintegration of the glass material. 
The most important substance which is 
capable of producing those changes in glass 
is undoubtedly water, and in some cases its 
action has been so pronounced that otherwise 
useful optical glasses have had to be dis- 
carded, or to be enclosed between layers of 
more durable glass to make them suitable 


for omi>loying in ox)tical instruments. In the 
case of glass used for optical purposes it is 
found that moisture is actiially absorbed 
from the atmosphere, due to the hygvosc!oi:iio 
nature of the glass ; tho water is capable of 
causing solution of the glass with a simul- 
taneous liberation of alkali, which on com- 
bination with tho carbon dioxido of tho air 
produces a layer of alkaline carbonates. It 
has boon observed^ that glasses containing 
potash, limo, and silica arc very much more 
hygroscopic, and therefore more auscicptiblo to 
attack by this means, than are tho corre- 
sponding soda glasses, Tho presence of 
increasing amounts of lime doereasos this 
disparity to a great degree. Glassc^s contain- 
ing oxide of load are ou tho other hand far 
loss hygroscopic than oitlior, and aro therefore 
not so liablo to decomposition by this means. 

Tho changes ])roducod by water on glass aro 
more pronounced as tho opportunity for 
contact is greater, and in consoquoneo glass 
exposed to water is attacked more rapidly 
than when moist air only is in question. 
Rise of tomporaturo, particularly if accom- 
panied by rise of pressure, as in tho case of 
water-gauge glasses, considerably inoroasos 
tho rate of tho attack. Glasses containing borio 
acid, alumina, or zinc, with soda as alkali, 
have i)rovod to bo particsularly resistant to 
tho attack by water at all tomjioraturos, and 
aro, moroovor, capable of withstanding pro- 
longed contact with water at liigh temperatures 
and pressures, without undergoing marked 
dotoi’ioration, or becoming obscured by the 
liberation of opaque insoluble basic, silicates, 
as in tho case of tho lime alkali glasBcs. Tho 
two well-known Jona glasses Id'"' and 60'" 
aro of this typo. Another change affecting 
optical glass in which water undoubtedly 
plays a ])art, but at tlvo same time is not tbo 
solo cause of tlio phonomonon, is what is 
generally alluded to os “ filming,” It is 
found that tho interior lenses, prisms, and 
other glass parts of optical instrunumts occa- 
sionally become veiled, ca^ising a diminution 
of tlie light transmitted, and in oxtromo oases 
almost complete opacity. Tho exact cause, 
or causes, has not been clearly elucidated, 
but whatever they may bo, tlu»ro appears 
little doubt that tho glass has suffered some 
ohomioal dooomposition. 

When ” filmed ” glass is examined under 
low magnifications, at least two distinct types 
of films are noticed ; in[the one, distinct globules 
may bo distinguished, while in tho other the 
glass is obscured by a bloom which under 
higher magnifications is also soon to bo globu- 
lar. Tho “ film ” is frequently noticed to 
bo grouped round minute scratches or un- 
evennesses ; on tho other hand it may very 

' Foerster, Berioiite dm- Dmtach. Chem. Oea,, 1893, 
xxvl. 2020. 
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markedly avoid them. On exposure to air 
the film does not spontaneously evaporate, 
hut does so on heating, leaving a residue and 
usually a tarnish of the glass surface, with 
or without actual pitting. It has been 
proved that the lubricants used in the lens 
threads, and the varnishes or blacking com- 
pounds used on the interiors of the cells or 
chambers, play some part in the process, and 
that such compounds which give off volatile 
constituents at ordinary or sUghtly elevated 
temperatures are unsuitable for use in optical 
instruments. Absolute cleanliness in the 
polishmg and subsequent treatment of the 
lens, together with drying of the air in the 
chambers before seahng up, and the use of 
suitable lubricants, appear to prevent filming 
to a great degree. The treatment of the lens 
with hot water after polishing is also claimed 
to act as a palhative, but with all these 
precautions the prevention of filming cannot 
yet be said to be certain, and more research 
is required. One thing, however, seems 
conclusively proved, namely, that water plays 
a large part in the process.^ Atmospheric 
dust is also capable of causing the de- 
composition of the pohshed surfaces of glass 
lenses. The degree of attack depends in 
the case of glasses free from lead on the 
amount of alkali present. When this is 
below 10 per cent it is found on microscopic 
examination that each dust particle has 
become a centre of decomposition, while in 
the case of glasses richer in alkali the whole 
surface may undergo a homogeneous de- 
composition with the liberation of alkaline 
salts, forming deliquescent globules in the 
case of potash glasses, and a dry dusty deposit 
in the ease of soda glass. In glasses contain- 
ing more than 20 per cent alkah the deposit 
becomes visible to the naked eye. 

Lead glasses containing more than 20 per 
cent oxide of load exhibit what are known as 
load spots ; these on microscopic examination 
are seen to originate from dust particles, each 
of which forms the centre of a mass of minute 
bro-wn or blackish scales. Thej’’ are pre- 
sumably lead mirrors produced by the re- 
ducing action of the dust on the solution 
of the glass formed by traces of moisture.^ 

§ (2) Decomposition caused by Chemical 
Reagents. — It will be seen from what has 
been said above of the various factors affecting 
the stabihty of glass, that it becomes necessary 
to subject that intended for optical or other 
scientific purposes to test before use in order 
to prove whether it is suitable for the purposes 
for which it is intended. 

The optical glasses offer particular diffi- 
culties, since it is by the variation of the 

* Hyland, Trans. Optical Society, 1918, xix. 178; 
Martin and Griffiths, Trans. Optical Society, 1919, 
XX. 135. 

“ Zscliimmer, CJiemiker Zeitung, 1901, xxv. 69. 


chemical constituents that the special optical 
features are obtained ; consequently the de- 
termination of what changes are permissible 
without seriously affecting the chemical 
stability becomes a matter of prime im- 
portance. Where the optical constants or 
shght colour can be ignored there is more 
scope for variation, and it becomes possible 
to make glasses which are more resistant to 
atmospheric agents, and at the same time to 
manufacture those possessing in a high degree 
resistance to the more violent attack of 
chemical reagents. 

Before passing on to the testing of glass- 
ware, it will be advisable to consider briefly 
the influence of the various constituents of 
the glass on the resistance to attack by 
chemical reagents. 

(i.) Action of Water and Steam . — In addition 
to ordinary atmospheric moisture, glass for 
many purposes has to withstand the action 
of hot and cold water, and also steam, some- 
times under high pressures. 

The attack proceeds in a similar manner as 
in the case of atmospheric moisture, but at 
a greater rapidity. Glasses containing boric 
acid with either zinc or alumina, and soda as 
the alkali, have, as mentioned above, proved 
to be by far the best glasses. When glasses 
containing these elements are examined it is 
found that some which may be superior at 
low temperatures (20° 0.) may not be so good 
as others (at, say, 80° C.), while at still higher 
temperatures the sujieriority may be assumed 
by another glass. For ordinary chemical 
ware the most useful proportion of boric acid 
appears to bo 9-10 molecules to 100 Si02, while 
for gauge glasses a slightly greater proportion 
is advisable. The hme alkah glasses are very 
much inferior, the degree of attack depend- 
ing largely on the ratio of dme to alkali ; the 
richer the glass is in alkah the less the de- 
gree of resistance. Glasses contjaining more 
than 20 per cent alkah cannot be regarded 
as suitable for use with water under any 
circumstances. The proportion of hme has 
a marked effect in increasing the resistant 
powers, and more particularly if the soda is 
partly replaced by potash, as in the glass 
used by Stas in Ms classic researches, in which 
case the glass compares favourably with the 
boric glasses. 

Lead glasses are intermediate in position 
between the boro - sihcate and lime alkah 
glasses, the resistant power increasing with 
the lead content, 

(h.) Action of Acids. — Sulphuric, nitric, and 
hydrochloric acids when concentrated have 
very little action on most good glasses of the 
hme soda or lead types, but when the acids 
are weaker the action becomes slightly more 
pronounced, and increases on further dilution. 
This observation has led to the opinion that 
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the attack proceeds from the contained water 
rather than from the acid itself, and is less 
than in the case of pure water under similar 
circumstances, owing chiefly to the neutralisa- 
tion of the liberated alkali by the acid. Tho 
alkali would normally in tho case of tho action 
by water bo instrumental in further increasing 
the attack.^ The boric acid glasses are not 
so resistant to hydrochloric as to sulphuric 
acid, and more recent work than Foorster’s 
has tended to emphasise tho importance and 
significance of tho attack by acids, more 
particularly hydrochloric. It has boon shown 
that fuming hydrochloric acid has a very 
pronounced action on zinc and limo boro- 
silicates, and that high boric acid content 
tends to promote this attack.^ On tho other 
hand, glasses containing limo and alumina 
with soda, and some potash, are much more 
resistant. A high silica content (70 - 72 
per cent) apjioars to confer great resistant 
properties. 

Tho conclusion arrived at by Foorstor, 
that in tho case of dilute acids tho action 
appears to bo duo to tho contained water, 
rather than to tho acid itself, is confirmed by 
recent work. Tho reason why hydroohloiio 
acid should be so much more active than 
other acids is somewhat obscure. 

Lead crystal glass (33 per cent oxido of 
lead) is very slightly attacked by acids and 
its resistant power is increased on prolonged 
contact. Tho very rich lead glasses are rather 
severely attacked. Tho rate of increase of 
attack with rise of temperature is not so 
pronounced in tho case of acids as with 
water. 

(iii.) Action of Caustic Alkalies . — Tho action 
of water on glass results in tho production of 
an alkaline solution; wo should therefore 
expect that there is no dear lino of demar- 
cation between tho results obtained with water 
and solutions of tho caustic alkalies. In tho 
case of dilute solutions tins is tho case, and 
tho boro-siheates again oc!cu|)y tho premier 
position as regards resisting ])owor. If, 
however, tho boric acid is greater than 5-7 
per cent tho resistance dimiirislios and becomes 
more pronounced with increasing concentra- 
tion of alkali. 

Tho lime alkali glasses are attacked by 
dilute alkalies with the formation of basic 
lime silicates which appear as o|)aque layers 
on tho glass, whilo tho solution is found to 
contain silica and some limo. When tho 
concentration of tlio alkali increases and 
exceeds 2N tho glass is dissolved as a whole 
and very littlo tarnish occurs, Tho effect of 
rise in temperature is very marked in tho case 
of tho caustic alkalies, more particularly above 

^ Foerstor, ZmlscJi. anal. Chem., 1804, xxxlll. 200. 

’ Cauwoofl EnRlIflli and Turner, Journal Sodelv 
of Glass Technology, 1017, p. 189. 


80° C. Soda is the most violent in its attack 
of all tho caustic alkalies. Ammonia also has 
a slight actio7i on glass, but its action has not 
been so systematically studied; in genei’al, 
however, glasses which are most resistant to 
attack by caustic soda are also found to 
exhibit tho same order when ammonia is 
substituted. 

(iv.) Action of Alkaline Carbonates . — Tho 
attack by alkalino carbonates proceeds in a 
similar manner as with the caustic alkalies, but 
in tho case of tho limo alkali glasses, vai’ioties 
containing alumina aro far more resistant than 
those which do not contain it. In fact, tho 
alumina -free limo alkali glasses are nioro 
strongly attacked by sodium carbonate than 
by sodium hydroxide of c'quivalont strength, 
which is not tho case with any others. In 
explanation of this it has been suggested that 
as alumina is soluble in caustic soda, but 
not in sodium carbonate, this is auflieiont 
to account for tho dilTerenco in behaviour. 
There ajipear to bo other factors whi('h modify 
tho results, tho nature of which is not exactly 
known. 

Solutions of salts also have a slight solvent 
action on glass, but. tho degree of attack is 
in no case comparable to that observed with 
tho reagents considered above. 

When tho chief factors affcoting the stability 
of glass which, is required to withstand tho 
attack of chemical reagents aro (^onsidoi'ed, it 
will be found that the introduction of ono 
olomont may, while confiu'ring stability as 
regards ono mode of attack, be eonducivo to 
more accelerated attack by a dilToront nnigent 
It thonvEore bc'.comes a matter of some difli- 
culty to indicate the id('al glass for all jnirposes, 
but noverthelosH, as a result of oxhaustivo 
tosts, certain definite coucilusions have been 
reached. Boric aefid, for (^xamj)le, besides 
confen’ing on a glass great powers of rcsistanco 
to the influence of water, at the same time 
confers very valuable mechanical propertios, 
such as power to withstand sudden changes 
of tomjjoraturo, which is of great service in 
all glass articles. It will therefore be found 
that, in spite of certain minor disadvantages, 
nearly all glass required to be used for cliemical 
purposes contains a certain proportion of 
boric acid. Tho influonco of a high silica 
percontago in conferring acid-resisting jjowers, 
and of alumina in restraining tho attack by 
sodium carbonate, have also boon alluded to. 
It will thus bo soon that suflicient information 
is available for selecting tho most suitablo 
tyf)o of glass for uso with any single cliomical 
reagent, and considerahlo progress has boon 
made in the manufacturo of glasses whicli 
successfully withstand tho attack by most 
chemical reagents to a very high dogroo. 

§ (.3) Tkstino or Goass. (i.) Oplirnl Class. 
— Glass intended for optical puiposos must, in 









106 


GLASS, CHEMICAL DECOMPOSITION OP 


addition to possessing tlie properties necessary 
for the construction of the best optical in- 
struments, be capable of retaining its polish 
and transparency under ordinary conditions 
of use. As has been pointed out above, the 
chief agent in promoting the changes in optical 
glass is atmospheric moisture, and all tests 
which are in use for testing optical glasses 
have been devised to measure directly, or 
indirectly, the degree of attack. 

In the early experiments powdered glass 
was heated in water and the amount of alkali 
and total solid material dissolved was de- 
termined. This method is not an ideal one, 
owing to the fact that it is impossible to 
ensure uniformity in the degree of fineness 
of the various samples of glass. As a result 
of these experiments, however, it was found 
that the less stable glasses gave up a greater 
amount of alkali and total solid matter, and 
that the ratio of alkali to silica in the dis- 
solved glass material was invariably higher 
than in the original glass. Myhus and 
Poerster,^ who were the first to investigate 
this question systematically, were led to 
conclude that a determination of the alkali 
removed would give a measure of the relative 
stability of glasses. They were therefore led 
to investigate methods for the detection of 
minute quantities of alkali. As a result they 
developed the use of a reagent which is now 
invariably employed for the purpose of 
classifsdng optical glasses. 

lodeosin (tetra iodo fluorescein), the reagent 
in question, is a red solid which is soluble in 
aqueous ether, but insoluble in water. The 
aqueous ether solution when shaken up with 
a solution of an alkali produces a solution of 
the salt of iodeosin which is soluble in water, 
giving rise to an intense red colour. The 
alkali may be determined either by comparing 
the solution with one containing a definite 
quantity of the alkaline salt of iodeosin, or 
by titration with N/lOO or N/1000 acid. In 
the latter case the acid is added to the solution, 
which must also contain an excess of an 
aqueous ether solution of reagent, and the 
two layers shaken together until the water 
solution is rendered' colourless. The extreme 
sensitiveness of this reaction has enabled the 
test to be appUed to quite small areas of glass, 
and there is no longer any necessity to use 
powdered glass for the purpose. 

The method as finally developed for the 
testing of optical glass 'will now be briefly 
described, but for a more detailed description 
the original ^ papers should be consulted. 

^ Mylius and Foerster, Berichte der Beutsch. Chem, 
Oes., 1889, xxii. 1092; Zeitschrift fUr Inslrumenten- 
kunde, 1889, ix. 117; Zeitschrift filr Imtnmente'iv- 
kunde, 1891, xi. 311. 

“ Mylius, Silikat ZeiUch., 1913, 1, 2, 25, 45, 
contains latest working details; Mylius, Zeitsch. 
filr Instrumentenkunde, 1889, ix. 50; Mylius and 
Foerster, Berichte der Beutsch. Chem. Oes., 1891, xxlv. 


For the purpose of the test, polished samples of 
optical glass measuring 6 x 10 x 0-8 cm. are used. 
These are very carefully cleaned and then broken 
into two portions by making a fine file mark parallel 
to the longest side and placing a red-hot rod along 
the cut, followed by a damp piece of filter paper. 
Any glass dust is removed from the fractured sur- 
face by means of a clean brush, and the specimens 
are now placed in a closed vessel containing water 
and arranged that the fractured surfaces of the 
glass are supported in a horizontal position on a 
platform above the water. The glass vessel and its 
contents is now maintained at a constant temperature 
of 18° C. for one week. The glass surfaces are 
attacked by the moist air to a greater or lesser degree 
with liberation of alkali, and in the case of very poor 
glasses it is sometimes found that the surface becomes 
covered with visible spots of alkaline salts. The 
specimens of glass are now removed with a clean pair 
of forceps, and held broken edge downwards in a bath 
of the iodeosin reagent for one minute. The iodeosin 
reagent is usually prepared from the sodium salt, in 
which form it occurs in commerce. It is sometimes 
found to be adulterated with other salts and dyes, 
and care should be taken that only the i^urest samples 
are used. A weighed quantity of the salt (0-63 gm.) 
is dissolved in 30 c.c. distilled water and treated with 
15 c.c. (N/I)H 2 S 04 in a separating funnel. The acid 
liberates the free dye in the form of orange-red 
scales. One litre of aqueous ether of the highest 
purity saturated with water at 18° C. is now added, 
and the lower colourless acid layer sejparated. The 
remaining acid is removed by shaking with three or 
four successive quantities of 30 c.c. distilled water, 
or until the lower aqueous layer becomes coloured a 
strong pink. The reagent is now poured into a 
bottle of resistant glass together with 1/lOth of its 
volume of a I per cent solution of the sodium salt 
and a few fragments of broken glass. The bottlo 
should be completely filled and should be kept in 
a cool dark place. The reagent gradually becomes 
acid, but owing to the presence of the sodium salt, 
neutrality is restored by double decomposition. 
The alkali set free by the action of the moist air 
on the glass combines with the iodeosin, producing 
the corresponding salt, which, being insoluble in the 
aqueous ether, is left as a pink deposit on the glass. 
To remove the excess of iodeosin the glass is rapidly 
rinsed in another bath of anhydrous ethen After 
drying, the sides of the glass slabs are cleansed, leaving 
the broken surface untouched. The next process is 
to determine the actual amount of alkali liberated. 

The glass is washed in 3 c.c. of water containing 
OT gm. anhydrous sodium carbonate per litre, and 
the solution transferred to a small porcelain vessel 
of about 10 0 . 0 . capacity divided into two equal 
chambers by a watertight porcelain partition. The 
dish is rinsed with a fiurther 2 c.c. of water, and this 
is added to the first wash water. To the second 
chamber is next added 6 c.o. water, and from a pipette 
graduated to 1/100 c.c. a solution of sodium iodeosin 
containing 0'01063 gm. per litre, each cubic centi- 
metre of which contains O-Ol mgm. free iodeosin, 
until the colours of the t\vo solutions are similar. 

1482; Mylius, Zeit. anorg. Chem., 1907, Iv. 233, also 
1910, Ixvii. 200. 

For a useful r5sum6 of work by Mylius and'Fnorster 
see Jena Glass, Hovestadt, Eng. Trans, by Everett 
(Macmillan). 
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The area of the fractured surface is now calculated 
and the amount of iodeosin which would combine 
with the alkali set free from 1 sq. metro determined. 

The following classification has been adopted 
to express the results of the tests : 


Class. 

Mgm. of Iodeosin 
per sq. metro. 

Hx 

0- 5 

H, 

6-10 

Ha 

10-20 

Hi 

20-40 

i-L 

40-80 


Glasses in the first three classes are considered 
to withstand the action of the atmosphere 
and not to suffer tarnish, while those in classes 
4 and 5 should not bo used in exposed positions. 
At tho present time tliis is the only method 
capable of quantitative treatment, and is 
therefore exclusively used for comparing and 
classifying optical glasses. Other methods in 
which the slcill and judgment of tho oxxiori- 
mentor are tho solo criterion are occasionally 
used. One of those devised by Weber consists 
in exposing pieces of glass to tho action of 
hydrochloric acid fumes for twenty-four hours 
and then removing to tho air. The loss stable 
glasses will bo found to become coated with 
a rime of alkaUno chlorides, and from tho 
appearance it is possible to make some form of 
classification. Tho method requires a groat 
amount of experience and skill. 

Another method duo to Zschimmor, which 
has been recently modified by subsequent 
workers, seems likely to bo of service in 
predicting tho suscoiJtibiUty of glasses to 
“ filming.” 1 Tho polished slabs of glass, 
together with polished slabs of transparent 
silica, are ])lacodin a glass tube in a thermostat 
and heated to 80“ C. A current of imro moist 
air is passed tlirough, and after some time the 
heat is withdrawn, thus allowing tho tube to 
cool; it is found on removing tho large tube 
that some glasses are more bedewed than 
others, while tho silica plates are usually dry, 
Tho rate of disappearance of tlio dew is 
observed by placing tho samples in separate 
closed tubes, and on diying they are again 
carefully examined. In this tost tho good 
glasses are very little changed, while those 
which tho iodeosin tost has shown to be i)oor 
are frequently found to be actually pitted. 
Superheated steam has also been used, but 
the results obtained require to bo viewed with 
caution. 

(ii.) The Testing of Chemical and other Glass- 
ware. — This problem has boon tho subject 
of very numerous researches since tho time 
of Scheole and Lavoisier, but owing to the 
fact that it is only in recent times that 
highly resistant glass has boon manufactured, 

/ Elsdon Eoborts and Jones, Journal Societv of 
Glass Technoloai/, 1919, 111. 62. 


the early rcsearclios become merely of Iuatori(i 
imiJortance. The later workers have un- 
fortunately not adopted a uniform method of 
test, and it becomes a matter of some diflieulty 
to correlate tho numerical data obtained. 
Tho conclusions, however, are on tlio whole 
fairly unaninums, and are summarised in a 
preceding section. 

Mylius and Eoorster, who were tho first to 
study systematically tlio modern typt« of 
glass, wore inclined to attach too great im- 
portance to the attack by water, and to 
consider tho dill’ororLcos obtained witli other 
reagents as of minor significance. Later in- 
vestigati(ms have taken more coinjirehensivo 
views, and as a result a great im])rovc>mont 
has boon made in tho manufacture of resistant 
glasses. 

Tlio aotiou of water at ordinary tempera- 
tures, e.g. 20° G., also at higher temperatures, 
80° C., and also boiling water and steam, both 
under atmospheric and higli pressure, is usually 
determined. 

Tho last method has reciontly come very 
much into vogue. Eor many glasses tho tost is 
a useful one, whilo for others tho conditions are 
X)orhai>s too sovoro, and tho conclusions drawn 
may conceivably load to erroneous results. 

Tho action of acids, alkalies both strong and 
dilute, also ammonia and ammonium olrlorido, 
should also bo tested, and groat care should 
bo taken that tho tonqieratures are oarefnlly 
maintainod, more especially with tho caustic 
alkalies, sineo tho rate of attack inoi'easos very 
rapidly with, small rises of temperature. It 
is impossible to give tho full details of all the 
tests, and for fuller information the memoirs 
mentioned bolow should bo consulted, 

W, H. w, 

Foerstor, Zeitsch. Tnslrumenlerd-unde, 'J80S, xill. 
467, and Zeitsch. anuM. Chem., 1804, xxxlll. 881; 
Gauwood English and Turiior, Journal Society cf Glass 
Technology, 1017, i, 168, c.tmtalnlng r(<Huiii6 of 
provlous work; Hullivnn, Journal Sociely Chem. 
Industry, 1010, xxxv. 513, A ustifiil bibllogranhy of 
papers dealing with tho stability of glass and Its 
testing has recently been imbllshed — - 'J’urnor, 
Journal ttociety of Glass Technology, 1017, 1. 218, in 
wJileh other useful papers will bo found. 

Glass, Optioal PiioPERTraa of: Table, Soo 

“ Optical Glass,” § (4). 

GLASS, PLATINISED 

Platinisbt) glass has not hithorto found 
much use in Applied Optics, for tho following 
reasons. When tho platinised surface is pro- 
duced by deposition, or by “ spluttering ” 
methods, it is easily rubbed off, and requires 
protection, thus showing no advantage over 
silvering methods. When iiroduced by tho 
so-called ” buming-in ” process, the resulting 
layer is more or less granular and diffuses 
tho light very considerably. In recent years, 
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however, Messrs. Rheinherg & Co., London, 
have introduced platinised and semi-platinised 
surface mirrors, in which the platinum is 
incorporated in the surface layer of the glass, 
so as to he irremovable, and which show no 
grain and are remarkably free from diffusion. 
They also withstand the action of aU ordinary 
solvents, except those which attack the glass 
itself. Notwithstanding the fact that the 
intrinsic reflective power of a platinised surface 
is between one-third and one-fourth less than 
that of a perfect silvered surface, they sup- 
plant the latter, because silvered surface 
mirrors are hable to tarnish, are very dehcate, 
and deteriorate fairly rapidly, whilst the 
platinised surface mirrors will wear, require 
no protection and do not suffer deterioration. 

Amongst the applications of such platinised surface 
mirrors are reversing mirrors for process cameras, 
in replacement of large and expensive prisms ; ■ reflex 
camera mirrors, and, generally speaking, mirrors 
where first surface reflections only are required. 
They likewise find employment for dental and 
surgical mirrors, on account of the freedom with 
which they can be subjected to hot water or sterihsing 
fluids without deterioration. 

Semi-platinised mirrors find application in or with 
optical apparatus as light filters, since they have a 
neutral grey tint, and may be placed in any position 
where they are subjected to heat, without liability 
to damage or change. They are also employed in 
the types of optical instruments where some definite 
part of the light is reflected by the surface, and part 
transmitted through the glass. 

Platinised mirrors by the Rheinberg process 
reflect the red end of the spectrum propor- 
tionately more than the blue end to a very 
slight extent as compared with silvered 
mirrors. This is easily observable by com- 
paring the image of a person in both, the 
difference being just sufficient to impart to the 
face the appearance of being slightly ruddier 
and healthier. The platinum mirror, how- 
ever, also reflects the ultra-violet rays just 
beyond the Ausual spectrum to a greater extent 
than silvered mirrors, as the latter absorb 
these rays more strongly. This has been 
demonstrated by spectrographs taken by reflec- 
tion from platinised mirrors and freshly silvered 
surface mirrors under the same conditions. 

Platinised mirrors can be used as back 
surface as well as front surface mirrors, but 
the reflection from the back surface suffers 
slightly in brilliancy. 

The Rheinberg process employs a high 
temperature,^ and its success depends on : 

(1) The special coating mixtures used. 

(2) Careful pyrometric regulation of the 
electric furnaces. 

(3) The precautions used to ensure reten- 
tion of the plane or curved surfaces of the 
glass to be platinised. 

^ See patent N. 156,472, Jan. 13, 1921. 


(4) Precise regulations according to the 
particular composition of the glasses used. 

PUnt glasses are unsuitable for this process, 
as the platinum interacts with the lead in the 
glass. Whilst a large variety of glasses can 
be successfully platinised, the best results are 
obtained with those of the crown glass and 
plate glass description. 

Puller particulars will he found in a paper 
read before the Optical Society in November 


Glass, Properties of Straested. See 
“ Glass,” § (19) (ii.). 

Glass, strength of. See “ Glass,” § (24). 
Testing of. See “ Glass, Chemical De- 
composition of,” § (3). 

Glass Analyses, Table of. See “ Glass,” 

§( 3 ). 

Glass Annealing : the removal of strain in 
glass by heating and subsequent slow 
cooling. See also “ Glass,” § (19). 

Glass Coloitr, Control of, in Manufacture. 

See “ Glass,” § (16) (iv.). 

Glass Defects — “Cords.” See “ Striae.” 

See also “ Glass,” § (16) (ii.). 

Glass Wool, Manufacture of. See 
“ Glass,” § (18) (iii.). 

GLASSES, COLOURED 

The physical nature of a glass closely re- 
sembles that of a rapidly solidified liquid, 
which has the power of holding metallic 
oxides, metals, and other matter in combina- 
tion, solution, or suspension. There are many 
varieties of glass of very varied composition, 
but nearly aU possess the property referred 
to. In Germany several scientific papers have 
been published dealing with the relation of 
glasses to effects of colour, but English 
contributions to the subject have been, with 
very few excejitions, aesthetic rather than 
scientific. It may, however, be claimed that 
in practical glass-maldng, especially in the 
recapture of the colours of mediaeval windows, 
English manufacturers have been quite as 
successful as their foreign competitors. 

Variation in the chemical composition of 
glasses produces varied effects in their action 
on light. The influence of the variation on 
the refractive power and dispersive power of 
glasses is dealt with elsewhere. Variation in 
colour is also due to variation in chemical 
composition. Colour effects are caused by the 
power possessed by glasses of absorbing some 
of the constituent rays of white light and of 
transmitting or partly transmitting and partly 
scattering the remainder. Even the most 
colourless optical glasses show noticeable colour 
when a considerable thickness is traversed by 
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light. Glazed window glass, of good quality, 
appears to be colourless, but a tinge of colour 
shows when a sheet of similar glass is placed 
on white paper, and if the edge of the sheet is 
viewed it appears to possess a deep sea-green 
colour. 

Coloured glasses may be transparent, trans- 
lucent, or opaque : transparent, if practically 
all the incident rays, not absorbed, are trans- 
mitted ; translucent, if the non-absorbcd rays 
are partly transmitted and partly senttored 
by minute, opacpio, embedded particles ; 
opaque, if all the non-absorbod rays are 
reflected. 

Colours are produced by introducing into 
glass mixtures certain iugrodients, usually 
metallic oxides, and molting them in <!ruoibleH 
or tanks. The resultant colours do])ond on 
the colouring ingredient and its condition, 
on the ingredients of the glass mixture, on 
the atmosphere surrounding the molten mix- 
ture, and, in some cases, on the temperature 
to which it is cxiiosod. 

The glass mixliire generally used as a basis 
for the production of coloured glassoH is oitlior 
A or B : 

A — sand, oarbemate of potash, and rod load. 

B — sand, carbonate of soda, and carbonate 
of lime. 

§ (1) MANtIFAOl'UMNa PRACTIOK.— Lho fol- 
loAving is a record of some results obtained 
on a fairly largo scale in a manufactory : 

Copper, usocL iir the form of copper scales : ^ 
with A mixture, 0-8 jior coat, light hluo 
colour, like that of cupric sulphate; with A 
mixture, 5 per cent, dark green colour ; witli 
B mixture, 0-2 per cent, bright blue ; with a 
sand-potasli-limo mixture, to which stannio 
oxide, rod tartar,*^ ()•;} per cent oopi)er soalos, 
and O'l i)or cent of ferric oxide have boon 
added — a colourless glass which gradually 
becomes very dark ruby when rohoated. If 
the atmosphere surrounding the molbou glass 
has not had a sufflciontly reducing ofToot, it 
appears, when cold, to bo rusty, and transmits 
a blue colour. 

A similar mixture, but with carbonate of 
soda substituted for earbonate of potash, in 
a strongly reducing atmosjihoro, develops 
visible crystals of metallic copper, and a gloss 
closely resembling the mineral aventurino. 
The crucible containing the molten mixture 
must be cooled extremely slowly. 

Gold, dissolved in aqua regia : with a 
sand -potash -load mixture to which crushed 
motallio antimony, stannic oxide, antimony 
trioxido, charcoal, and 0-03 por cent gold 
have boon added-— -n colourless glass whioh 
gradually develops a dark ruby colour when 
reheated. If the atmosphere during melting 
has not liad a sufficiently reducing effoot, the 

‘ Copper BcalesMcruflo red cuproim oxide, CU|0. 

* lied tartar « crude bltarfcrato of potasli. 


glass appeal's to bo rusty-red and transmits a 
violet-blue colour. 

Iron, usually used in the form of ferric 
oxide : ferric oxide with A mixture, 5 por 
cent, a rich yellow colour ; 1 per cent of black 
oxide of inanganciso i.s usually added to give 
the yellow an amber tint. Iron scuxles •> with 
B mixture, 0-1 per cent, a ])alc blue colour. 
With a larger proportion of iron scales, a grey- 
greou. 

Ordinary bottle-green colour is usually 
obtained by adding a small j)ro])ortion of 
cobalt oxide to from 3 to G por cent of ferric 
oxide. 

Manganese., used as manganeso dioxide : 
with either A or B mixture, alxiut 1 per cent, 
a violet colour, fl’ho oxide is used as a de- 
colorant for A glasses. It acts partly by 
converting any iron in the glass mixturo into 
ferric oxiclo, and partly by ])ro<Uiciiig a tint 
of colour oojnplomontary to tlio green duo to 
ferrous oxido. 

The oxi(l(^ used as a decu)loriuiit with B 
glasses, e.g. ordinary window glass, although 
tlio glass may ho culourlcss when first made, 
develops a pink colour in the glass after long 
exposure to light. Tho addition of a colouring 
ingredient to noutraliso colour in a glass 
mixturo rodueos tho trans])aronoy of the 
glass. 

Cobalt, used as black oxido : with A or B 
mixturo, 0'4 to 1 j)er eont, a bright pur])le-bIuo, 
loss purple with B than A. Col)alt glasses with 
large proportion of tlie oxide, or in otmsitlorablo 
thiokness, transmit a ruby colour. I’lie oITect 
can bo neutniliscd by the addition of ohrotnic 
oxido or euf)rii! oxide. 

Nickel, UHticl as nickel monoxido ; with A 
mixturo, 0'2 per cent, a strong violet colour; 
witli B mixture, a brown colour. 

Hir llorboj't Jackson, I'Mt.H., has found that 
tho same jirupoidiou of tho oxido with a 
lithia glass gives a yellowish-brown colour. 

Chromium, used as sesquioxido : O-J- por 
cent, with both A anti B mixtures, gives a 
groouish-yollow colour. 

Uranitm, used as iiranato of soda : O-G 
por cent with A tir B mixturo, fluorosoont 
yellow colour. Colour and fluoreseonce bettor 
developed with B tlian with A mixturo. 

Carbon, used as finely divided wood ohar- 
ooal : witli B mixturo, ()'02 per cent, a clear 
yellow colour. As tho jiroiiortion of carbon is 
inoronsod tho oolour passes from yellow to 
brown, brown to blacsk. 

Arsenic Irioxide : with A mixture, 5 por 
cent, gives an opaque white onamol ; a thin 
film of tho enamel transmits a strong ambor- 
rorl eolour. 

Fluor spar : with A mixture, 4 per cent, 
gives a dcoj) opal cIToet. 

® Iron scales ; a thin bhirk film formed when Iron 
la lictttcd In air— I<’o,()« torroso-forrlc oxide. 
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Silver : used in tlie form of oxide, as a 
pigment. It is mixed with, some finely divided 
difficultly fusible material, such as kaolin, 
applied to the surface of a colourless glass, 
and strongly heated. It gives a yellow trans- 
parent colour, with a sUght bluish lustre. 
The colour is best developed on a soda-lime 
glass, of which phosphate of Ume is an in- 
gredient. 

§ (2) Experimental Meltings. — Platinum 
black : with A mixture, 0-3 per cent, is 
diffused through the glass, giving a grey 
translucent effect. 

Oxide of iridium : with A mixture, 3 per 
cent, gives a dense black. 

Carbonate of thallium : with A naixture, 6 
per cent, gives a greenish-yeUow colour. 

Antimony trioxide : with A mixture, 3 per 
cent, gives a pale translucent yellow. 

• Vanadium, as pentoxide : with A mixture, 
a yellow-green ; with B mixture, a blue-green. 

Selenium, as a selenate : with A mixture, 
a pink amber. 

§ (3) Crookes’ Glasses. — Sir WiUiam 
Crookes’ prolonged researches ^ to discover 
satisfactory eye-preserving glasses for spec- 
tacles throw light not only on the effects 
produced by special ingredients introduced 
into glasses in cutting off rdtra-violet and 
heat rays, but also in the production of effects 
of colour. The base used for aU, of his experi- 
ments was- a soda-hme glass, and the thick- 
ness of the plates of glass, when prepared 
for use, was 2 mm. The results of his experi- 
ments with regard to colour are as follows : 

Cerium nitrate 17 per cent, pale reddish- 
amber tint ; chromic oxide 1 per cent, green ; 
copper sulphate about 2 per cent, blue ; 
ferrous oxalate 10 per cent, a smoky green 
colour ; ferric oxide 2 per cent, yellow ; 
ferroso-ferric oxide, 2-85 per cent, with the 
addition of carbon 0-35 per cent, pale blue. 
Manganese gives a reddish - purple colour, 
cobalt sulphate a rich blue, nickel sulphate 
a brown, cobalt mixed with- nickel a neutral 
grey, praseodymium a greenish-yellow, neody- 
mium a lilac. 

The conclusions arrived at with regard to 
eye preservation were that a glass containing 
cerium is most effective in cutting off injurious 
ultra-violet rays, and a glass containing iron, 
in a ferrous or metalUc condition, is most 
effective in cutting off heat rays. A glass 
composed of 83 per cent of fused soda glass 
and of 17 per cent cerium nitrate was found 
to be practically opaque to ultra-violet 
radiation, the limit being X3650 ; a glass 
composed of 90 per cent raw soda glass mixture, 
and 10 per cent ferrous oxalate, with small 
additions of red tartar and wood charcoal, 
gave a sage-green glass which cut off 98 per 
cent of heat radiation ; whilst a glass com- 

^ Phil. Trans. B. Society, Series A, 1913, ccxiv. 


posed of 96-80 fused soda glass, 2-85 ferroso- 
ferric oxide, and 0-35 carbon had a pale 
blue colour, and cut off 96 per cent of heat 
radiation. 

§ (4) Absorption oe Light by Coloured 
Glasses. — R. Zsigmondy’s papers on the 
absorption of light by coloured glasses,® and 
on the use of coloured glasses for scientific and 
technical purposes,® have some bearing on the 
subject of this article. He rightly insists that 
the colour of a glass depends not only on the 
colouring material, but on the glass mixture 
or batch to which it is added and on the atmo- 
sphere in which it is melted. As examples 
he gives (1) the brown- and violet-coloured 
glasses produced, respectively, by a soda-hme 
and potash-lead glass mixture with the same 
proportion of the same oxide of nickel ; and 
(2) the change in colour from yellow to yeUow- 
green? and from yellow-green to blue-green, 
of a glass mixture containing ferric oxide when, 
in the process of melting, an oxidising atmo- 
sphere changes to a reducing one. He calls 
attention to the action of manganese in reduc- 
ing the green part of the spectrum and to the 
increase of the red part of the spectrum when 
a small proportion of manganic oxide is added 
to the ferric oxide of a mixture for yellow 
glass. In dealing with copper he found that 
if the proportion of cupric oxide be increased 
from 2 per cent, which gives a blue glass, to 
three or five times that value, green glasses 
are obtained differing widely in their absorp- 
tion from that of a copper-blue glass. In his 
first research the following bases and glass 
mixtures were used ; borax, sodium sihcate, 
potassium sihcate, lead sihcate, soda-hme 
glass, potash-hme glass, soda-lead-hme glass, 
potash-lead glass, soda-zinc-hme glass, soda- 
borosilicate glass, and barium - borosihcate 
glass. The colouring agents were calculated 
as oxides, and the proportions ranged, except 
for the green-copper glasses, from 0-1 per cent 
to 2 per cent. The mixtures were melted 
and stirred in an oxidising atmosphere ; the 
molten glasses were poured, and the plates, 
thus formed, after anneahng, were cut and 
pohshed for examination. A “ Gian” spectro- 
photometer TVas used, and the coefficients of 
extinction, having been determined, were used 
for the construction of representative curves, 
of which illustrations are given. It is regret- 
table that in this research the ordinary soda- 
hme and potash-lead glasses were so rarely 
used that it is difficult to compare their effects. 
The objects, of the second research on the use 
of coloured glasses for scientific and technical 
purposes were (1) to provide a ray -filter, 
which would transmit one part of the spectrum 
whilst absorbing tbe remainder ; (2) to obtain 
hght filters for three-colour photography ; 

“ Ann. d. Phys., 1901, iv. CO. 

® Zeitschr.f. Inslrumen., 1901, xxi. 97. 
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and (3) to find a glass to absorb all parts of 
the spectrum equally. A Pulfrich comparison 
spectroscope was used for examining the 
glasses, and the following is an abridged table 
of the results. It is unfortunate that in the 
account of this research the compositions of 
the glass mixtures are not given. 


conductor of electricity. This, however, can- 
not be the case since the ions in a solid haA'o 
no mobility, with the result that a blue 
cupric glass is as good an insulatf)!- as a djy 
crystal of copper sulphate, in wliich ions are 
present in largo numbers, but witliout the 
power of moving through the crystal. 



Colour. 

flljocfcral Rrtyfl 

Copper-ruby glass 

Deep red 

Only rod. 

Gold-ruby glass 

Rod 

Rod, yellow ; in thin sample, bluo and 
violet. 

Uranium glass 

Bright yellow 

Rod, yellow, green ; in thin sample, bluo. 

Nickel glass, soda base .... 

Yollowisli-brown 

Rod-yollow, traces of green and bhic. 

Nickel glass, potash base .... 

Dark violet 

Violet (G — H), oxtromo rod. 

Copper glass, blue 

Blue, like copper 
sulphate 

Or eon 

Green, bluo, violet. 

Copper glass, green 

Green, yellow, traces of rod and bluo. 

Chrome glass ....... 

YoIIowisli-groon 

Yellowish-green, tnieos of rod. 

Cobalt glass 

Bluo 

Blue, violet, extreme rod. 

Manganese glass 

Dark violet 

Violet (G — II), oxtromo red. 

8moko-groy glass 

Oroy 

Whole spectrum woakonod. 


The following results with specimens of 
mediaeval glass wore obtained by the author 
of this paper : 


There is another group of coloured glasses 
in which the origin of the colour is outiroly 
dilloront, oxamplos of wlrioh are tlio ruby 


OliuiS. 

Colour 

Sportnil Uii.y« tratimiilttocl. 

Copper-ruby of thirteoiitli century . 
Copper-ruby’’ of fourtoontli century . 

Bluo of tbirtoonth century .... 

Carbon-yellow of tliirtoonth century 

Deep rod 

Deep rod 
Groyieh-bluo 

Palo yellow 

Rod, bluisli-groon and trace of yollo’W'. 

Rod and some blue. 

Bluo, violot, traces of red and yellow, 
but no green. 

Passes all rays except blue, violot, and 
oxtromo rod. 


§ (5) SUGQ KSTBD Exi'LANATIONS Olf EffirBOTS 
OF Colour of Transparisni’ Glassks. — The 
behaviour of motalUo oxides introduced into 
a glass seems to corrosjjond exactly with their 
behaviour Avhen added to an. acid solution. 
Thus cux)rio oxide, dissolved in hydrochlorio 
acid of moderate conoontration, gives a green 
solution of cupric chloride, which contains in 
addition to the undisaociatod salt a number of 
blue ouprio and colourless olilorino ions. Jf 
this solution is largely diluted with water the 
ionisation is increased, and the colour of the 
cupric ions predominates over that of the 
undissociatod residue, the solution becoming 
blue. Precisely the same result ia obtained 
when ouprio oxide is added to glass, which it 
must be romemborod always contains a large 
excess of the acidic oxide, silioa. When 
present in comparatively large quantities the 
cupric oxide gives a green glass, but if only a 
minute amount is added a blue glass results. 
Similar resemblances can bo traced in the 
behaviour of other motallio oxides. It is 
probable then that ionio dissociation of the 
metallic silicates takes place on molting. It 
might be thought that the existence of this 
ionisation would render a coloured glass a 


glasses made by the formation of reduced 
gold and cuprous oxide in the mass of the 
glass. Hero again wo may see a close resem- 
blance between the bohaviour of a salt solu- 
tion and a glass. Carey Lea in 1884 allowed 
that if a very dilute solution of gold wore 
treated with a reducing agent a bright rod 
solution, apparently quite transparent, was 
produced. With increased concentration a 
purple solution was formed, and in still stronger 
solutions a yellow colour resulted. These 
solutions, so-called colloidal, are now known 
to be not solutions at all, but suaponsious of 
particles so small that their proaonoo can only 
bo demonstrated by the ulira-mioroscopo.^ 
In gold and cuprous oxide ruby glasses this 
method of viewing them renders it quite 
certain that they owe their colour to the 
presence of fine imrtioles, the size of which, 
by their action on the light of different wave- 
lengths, determines the colour of the trans- 
mitted and reflected liglit. It may also bo 
assumed that the yellow and brown colour of' 
carbon glass, for which many different causes 
have been suggested, is really duo to ultra- 

' Sec also paper by J. 0. Maxwell Garnett, PM, 
Trans. Hoy al Society, A, 1904. 
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microscopic particles of silicon, comparable For work of only moderate accuracy — say 
to the particles of metallic gold and cuprous 10 seconds or so — ^there is little to choose 
oxide, which are the cause of colour, respect- between these methods ; but when high accu- 
ively, in gold-ruby and copper-ruby glass. racy is aimed at Method 1 is quite useless. 

H. j, p. arises from the fact that in practice it 

is impossible, except by accident, to obtain 
rniSrTOMFTRY perfect collimation or perfect focussing. There 

is always a range, known as the depth of focus, 
§ (1) Spectbometer Methods. — The measure- within which the definition of an optical 
ment of the angles between the fliat surfaces instrument appears uniformly good, and there 
of prisms is one which for many purposes is consequently a certain degree of latitude in 
requires to be performed with the greatest all adjustments of collimation or focus. As 
possible accuracy. The refracting angle of a this error vitiates quite a large proportion of 
prism to be used for refractive index measure- the methods which have been published for 


ments, for example, must be Icnown to , , ^ the measurement of angles, it may 

within about one second if the index 'jj/ be well to examine it in some 

measurements are to be correct to the i[/ detail.® 

fifth decimal place ; and some of the — If — Let L, Fig. 2, represent a telescope 

angles of prisms used in rangefinders, lens receiving light from a distant 

dial sights, and similar instruments jo point, an image of which is formed 

must approximate to specified values ; I ; at I. Assume in the first place that 

to within about the same amount. We | the lens is free from aberration, 

shall first treat the general methods, ; | ^ The imago observed in the eye- 

and then refer to special methods ,Vp,.' piece is the disc in which the focal 

suitable few special cases. For the ] f ]rlane of the latter cuts the conical 

general methods a spectrometer is re- ; ,* ; ; 1 beam of rays. The line joining the 

quired. The features of such an instru- centre of this disc to the back nodal 

ment adapted ‘-dAf'-i 

to the most 

precise work are -j. 

discussed in — " — 

another article ^ ' ' ' ' " 

and the various’ ^ c 'I 

adjustments '! 

described. ^ i ' 

The two best- j [ 

known methods of measuring an angle on the ’ j ! 

spectrometer are the following : \ ' 

Method 1. — The prism is placed on the 

spectrometer table with the vertex of the i j [ 

angle in question over tlie centre {Fig. 1 (a)), r [ |||i- 

and the table is adjusted until the edge of i, 1 '” 

the prism is parallel to the axis of rotation.^ -p i 

The parallel beam from the collimator is 

divided into two by reflection at the faces 1- 

of the prism. If the telescope is placed in 

the position Tj^, one of the reflected images point of the objective is the direction of 
can be brought to the cross-lines, and in the the incident beam as indicated by the tele- 
position Tg the other. The angle between the scope. Clearly, provided the aperture is 
two positions of the telescope is twice the angle S3rmmetrical about the back nodal point 


J rrrrqiil-.-E 

1 . ^ 


of the prism. 


of the lens, the apparent direction is not 


Method 2. — The prism is placed with its affected by errors of focus ; for if the 
centre over the centre of the table and rotated plane of the cross-wires is not accurately 
so that the reflected image from one face is at I but is at I', the centre of the disc 
on the cross-lines of the telescope T (Ffgr. 1 (6)). of confusion is still on the line IN. If, how- 
The table is then turned until the reflection ever, one half of the object-glass is covered 
from the other face of the required angle is on Ay a screen, as in Fig. 2 (6), the centroid of 
the cross-lines. The second face is now in the disc of confusion at I' is below the line 
exactly the position previously occupied by IN, while at I" it is above it. In the first 
the first ; and the angle through which the <^ase the cross-lines will bo sot to the left of 
table has been turned is 180° minus the angle their proper position, while in the second case 
of the prism. 


“ Spectroscopes and Refractometers/’ § (8). 


See also Guild, Proc. Phya. Soc., 1010, xxvHl. 
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they will be sot too far to the right. If the 
other half of the objective be employed the 
errors will be reversed. In general, unless 
the centroid of the section of the beam by the 
principal plane of the lens coincides with the 
nodal point, the centroid of the imago will be 
displaced from its true position unless the 
focus is absolutely exact. If then the focus 
is not quite accurate, and different parts of 
the aperture are employed for different com- 
ponent measurements of a determination, the 
results will be in error. In the presence of 
spherical aberration there is no position of 
focus at all for which the centroid of the 
image is unaffected by cutting off part of the 
aperture unsymmetrioally. In Fig. 2 (c) the 


as great as half a minute may arise. It is 
obvious, of course, that the error is in a plane 
perpendicular to the lino of division of the 
objective, and that measurements in the 
horizontal plane will not bo affected, xwovided 
the aperture is symmetrical with respect to 
the vertical diameter of the lens. 

Thus an essential condition to the accuracy 
of measurements of angles with a telescoiio is 
that the aperture employed should bo sym- 
metrical with rosiioct to that diameter of the 
lens which is perpendicular to the jdano of 
moasuromont. It is not safe to use an ex- 
centric aperture, oven though the same region 
bo used for all the moasuromonts ; for, 
although the focal adjustment of the telescope 


I I I 


case of a lens with under- corrected spherical 
aberration is shown (much exaggerated). 
is the focus for rays near the axis, and for 
those near the periphery. P is the position 
of best focus when the whole aperture is used, 
while if cither half is used separately, the 
disc of least confusion would bo displaced 
appreciably towards F' or F", The effect on 
the displacement of the imago from its true 
position on the line NA for different positions 
of the focal plane of the eyepiece is easily 
followed from the diagram. 

In practice, if an object bo sighted with a 
telescope with partially obscured aperture, the 
movement of the image across the field as 
the focus is adjusted is very easily observed. 
Within a certain range there is no means of 
judging when to stop. Even with very sliarp 
focussing it is easy for errors of several seconds 
to be made, while under conditions by no 
means abnormal in laboratory work errors 

VOL. IV 


bo left unaltered, the roflootod beam from 
different surfaces may focus in a slightly 
different piano. With tlie highest class of 
surface this effect is never likely to bo great, 
hut it is only with very good surfaces indeed 
that it is entirely alisont. 

Considering now Method 1, Fig. 1 (a), in the 
light of those considerations, it is evident that 
in changing from position Tj to Tj the full 
effect of errors of focus or sjihorioal aberra- 
tion will be felt, since opposite halves of the 
objective are used for the two moasuromonts. 
If to obviate this wo |)laco the prism in such 
a position that the ay)Oi'turo of tlie telescope 
is symmetrically filled, the ray from the vertex 
no longer passes through the nodal point, and 
the directions actually measured by the tolo- 
Bcopo are tbf)se of the rays and 
There is therefore liability to en’or on 
account of jm perfect focus of the collimator ; 
since, unless oollimation is perfect, and 
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do not emerge quite parallel, and the angle 
between the reflected rays is not equal to 
twice the prism angle. It is therefore im- 
material where the prism is placed, when 
inaccuracies due not only to the collimation 
but to the focussing of the telescope as well 
are taken into consideration. It is impossible 
to arrange the method to be simultaneously 
free from both effects, and it cannot be used 
for accurate work. 

Method 2, on the other hand, is free from 
this defect. By means of an iris diaphragm D,^ 
which is closed down until a circular aperture 
completely filled with light is obtained, exact 
symmetry may be assured. As it is desirable 
to use the biggest available aperture, the 
telescope axis should be rotated, if possible, 
out of its usual position (directed to the centre) 
and directed to the middle of the side of the 
prism. The fact that the collimator is not 
symmetrically employed is clearly of no con- 
sequence under the conditions of the experi- 
ment, provided the prism is mounted with 
the bisector of the angle over the axis of 
rotation, so that the two surfaces are in the 
same plane when the light is reflected from 
them. 

This is the most convenient method for 
general use, provided the rotation of the table 
can be determined with the same accuracy as 
that of the telescope. If, however, as is too 
frequently the case, no provision exists for the 
accurate measurement of table rotations, it is® 
necessary to resort to the next method, which 
involves the use of an auto-coUimating eye- 
piece. 

Method 3. — The telescope is fitted with an 
eyepiece arranged so that the cross-lines may 
be illuminated from behind and the telescope 
itself may be used as a collimator. When its 
axis is approximately normal to a plane surface, 
a reflected image of the cross-lines will be seen 
in the focal plane. When these are accurately 
set to coincide with the actual cross-lines, the 
axis of the telescope is normal to the surface. 
The determination of an angle consists, there- 
fore, in setting the telescope normal first to 
one surface and then to the other. The angle 
between these positions is equal to 180° minus 
the angle of the prism. 

There are several forma of auto-collimating 
eyepiece, but not aU of them are useful. 
Those forms in which the reflector is behind 
any of the lenses of the eyepiece are most 
troublesome to use, on account of the flooding 
of the eye with light reflected from the surfaces 
of these lenses. The most satisfactory form 
of auto-coUimating eyepiece is that due to 
Abbe. It is illustrated in Fig. 3. A small slab 
of glass, yj, bevelled at one end to form a 45° 
reflecting prism, is mounted behind part of 

* It is a great convenience to have iris diaphragms 
fitted to spectrometer telescopes and collimators. 


the cross-lines. This prism, when illuminated 
by a lamp placed above it, acts as a bright 
background to the cross-lines in front of if- 
When the telescope is approximately normal 
to a reflecting surface the appearance of the 
field may resemble Fig. 3 (c). The whole field 
will probably be faintly illuminated by the 


Prism p enlargred 

(^) (b) 



Fig. 3. 


general light of the room, except for the area 
occupied by the back of the prism p, which 
will be quite dark. At the opposite side of 
the field to this will be the brightly illuminated 
image of the face of p, with the image of the 
cross-lines showing up against it. When the 
normality is exact, both horizontally and 
vertically, the actual cross-lines and those of 
the image will coincide. It improves the 
accuracy of setting considerably if the axis of 
the telescope is slightly inclined in the vertical 
direction. In that case the image lines are 
a little wider or closer than the actual cross- 
lines at the same distance from the centre of 
the field, and instead of a somewhat insensitive 
coincidence setting a symmetrical setting is 
made with the image lines a little outside or 
inside the others. 

This is a very fine eyepiece to work with. 
Its only drawback is the difficulty of using a 
high-power ocular, on account of the distance 
between the cross-lines and the field lens 
necessitated by the insertion of the illuminating 
prism. 

Another arrangement which may be em- 
ployed is not a true auto -collimating eyepiece 
but serves the same purpose. It is shown in 
Fig. 4. A side tube is attached to the telescope 
just in front of the eyepiece, and serves to 
carry a short draw-tube at the end of which 
can be attached a pinhole, a fine slit, or a 
graduated scale, or whatever type of object 
may be most convenient for the purpose on 
hand. A semi-transparent reflector, which 
may be a microscope cover-slip thinly coated 
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with silver or platinum,’- is mounted at R by 
some suitable means. When the telescope is 
nearly normal to a reflecting surface, an image 
of P is seen in the field of the eyepiece. For 
use in Method 3, above, the most suitable 
object is a moderate-sized hole with a vertical 
fibre and two horizontal fibres. These latter 
should be about mm. apart, and settings 
are made on the vertical fibre half-way between 
them. 

In carrying out measurements by Methods 



2 or 3, every care must be taken to eliminate 
all the sources of error to which even the best 
spectrometers are liable. The article on “ Spec- 
troscopes and Refraotometers ” should be con- 
sulted for a discussion of these errors. In 
Method 2 it will be found advantageous to 
employ a broad slit and. fibre, as described in 
the article just referred to, rather than a 
narrow slit. It is advantageous to employ a 
light green filter in front of the light source 
in all goniometrio measurements as this 
eliminates chromatic aberration and 
improves definition. 

§ (2) Method of Substitution. — : 

With an exceptionally fine spectrometer ! 
it is possible to measure angles by 
Methods 2 or 3 to within a second, ; 
provided extreme care is taken. Spectro- 
meters of this quality 

are few ; and it is / 

not every observer 
who is fortunate 

enough to have a'o- D., 

cess to one. 

The overwhelming VsXA 
majority of angles Fj 

in optical prisms are 


ence between it and the corresponding stand- 
ard. We shall first describe the method of 
substitution, and then refer to the methods of 
obtaining the standards. If a spectrometer 
is available, the only additional apparatus 
required is a second telescope on a separate 
stand. This telescope should be similar to 
that of the spectrometer, but only one of 
them requires to have a micrometer eyepiece. 



Such an auxiliary telescope is of great use in 
many ways," and there should bo one associ- 
ated with every spectrometer. A cheaply 
constructed stand of perfect lagidity can easily 
be made as in Fig, 6. The body, B, is a slab 
of hard wood which carries metal Vs in which 
the telescope rests. The method is carried 
out as follows ; 

The auxiliary telescope Tj is ifiaced in 
the position which it is going to occupy 
during the measurements, Fiq. 6. In 
order to adjust its axis to bo coplanar 
Q with those of the collimator and spectro- 
motor telescope, the latter is rotated 
1 into lino with Tj and a lainp placed 

^ behind its eyepiece. The cross-lines of 

Tn. Ti are then visible in 

, the field of Tj, and 

the latter is adjusted 

until both sots of cross- 
D' wires are at the same 

* height. This procedure 

assumes of course that 
. 6. "the axes of and 0 

are already in adjust- 


sub -multiples of 180® ; and of those the 
great bulk are 45°, 60°, or 90°. For such 
angles special methods of high accuracy 
can be employed which do not involve 
the measurement of an angle on the spectro- 
meter at all. It is therefore possible to 
have standard angles of these values, and 
the actual testing of an unknown angle is 
reduced to a measurement of the small difter- 

‘ A small ploco of glass may be very conveniently 
semi-platinisotl by using the preparation known as 
“ liquid piatinum.” Tliis is painted on the surface 
wry thinly and tlio liquid evaporated off over a hot- 
plate. To get a semi-transparent film, ttio painted 
surface should appear of a light amber colour when 
hold between the eye and a light. 


ment with respect to the centre. If this is not 
so the complete adjustment must be made for 
all three at once, as described in “ Spectro- 
scopes and Rofractomotors,” § (8). 

One of the nearly equal angles which have 
to be compared is placed on the table so that 
light from one of its faces is directed into the 
auxiliary telescope Tj. The other telescope T, 
is brought to receive the imago from the other 
face. The table is levelled until both images 
are at the correct height with respect to the 
cross-lines. This is most rapidly done if one of 
the faces is perpendicular to the lino joining 

» Soo “ 8pectroscopes and llofractomcters,” §§ 
(8), <10). 
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two of the adjustment screws, this face being 
adjusted last. 

When the preliminary adjustments have 
been made, the image in Tj is brought to the 
cross-lines by means of the tangent screw which 
rotates the table. The micrometer eyepiece 
of Tj is employed to sot on the other image. 
This angle is then removed, and the other is 
laid as nearly in the same position on the table 
as possible and levelled in the same way as 
the other. The image in Tj is again set on 
the cross-lines by rotation of the table. It 
is evident that if the angle were preci.sely 
ec[ual to the previous one, the image in would 
now also be on the cross-lines. If the angles are 
not quite equal, the image in T^ will be dis- 
placed by twice their difference, which is 
measurable with considerable precision on the 
micrometer. The settings both on Tg and T^ 
should be repeated several times. 

The determination takes very little time, 
and with telescopes of about 30 cm. focal 
length should be accurate to less than 1 second. 
The method is clearly apphcable to any 
size of angle for which there is a standard 
available. 

The precautions concerning the symmetrical 
filling of the telescope apertures and the use 
of the diaphragms and I)^ must he observed, 
lest the focus of the reflected beams should 
differ slightly with the two prisms. It is also 
essential that the spectrometer and auxiliary 
telescope should stand on a more rigid support 
than the ordinary laboratory table, otherwise 
relative movements of the two will take place 
as the observer moves about. A convenient 
plan is to set them on a slab of slate or stout 
plate glass, which is rai.sed off the surface of 
the table by three pieces of indiarubber or 
thick card. The auxiliary telescope then 
retains its po.sition as accurately as if it were 
part of the spectrometer. 

If much measurement of angles has to be 
done, it is advantageous to dispense with the 
spectrometer altogether and build up a simple 
apparatus specially for the purpose. Both 
telescopes and the collimator can bo supported 
by separate stands similar to Fig. 6. The only 
additional requisite is a prism table, capable 
of a small amount of -rotation by means of a 
tangent screw, and having the usual adjust- 
ments for levelling the prism. AU the appa- 
ratus should stand on a slab of slate or thick 
glass as described above. To adjust the axes 
of the telescopes to be coplanar, the following 
procedure should he followed. Place first one 
and then the other telescope in line with the 
collimator, and adjust so that the centre of 
the slit is at the height of the cross-wires. If 
the axis of the collimator were parallel to the 
supporting slab to begin with, the telescope 
axes would now also be parallel to it, and the 
three axes would he coplanar in any position. 


If however the collimator was tilted, say down- 
wards, each telescope will be tilted upwards. 
Place the telescopes in line with each other, 
and illuminate the cross-lines of one by means 
of a lamp behind the eyepiece. On looking 
into the other, both sets of cross-lines will be 
seen, differing in height by twice the amount 
that the axes are inclined to the base. Bring 
them together, making haff the adjustment 
with each telescope. They should now both 
be parallel to the base. Place one of them 
in line with the collimator again and adjust 
the latter. If the initial error was consider- 
able the adjustment .should be repeated. 
When aU three are so adjusted that their axes 
are parallel when talcen two by two in this 
way, they are also parallel to the base -plate 
and so are coplanar in any position. They 
can then be set up in the relative positions of 
Fig, fi, and the prism set on the table and 
adjusted as already described. If it is not 
convenient to provide the table with the neces- 
sary fine motion for bringing the image to 
the cross-lines of Tg, this can bo dispensed -with 
by providing a micrometer eyepiece for Tj 
as well as for T^^. A comparison is then made 
by placing the two prisms as nearly as possible 
in the same position on the table and making 
settings with both micrometers. 

With this simple apparatus, small differ- 
ences of angle can be measured with exceed- 
ingly high accuracy. 

A variant of the method, which eliminates 
the use of a colhmator, employs auto-colli- 
mating telescopes. The type of Fig. 4 should 
be used, as this is convenient for use with 
micrometer eyepieces. The telescopes in this 
case are set normal to the faces, the difference 
in the micrometer readings when one angle is 
replaced by the other being equal to twice the 
difference in the angles as before. 

§ (3) Determxnatiok of Standards. — ^T he 
substitution method of § (2) gives the easiest 
and most accxirate method of determining an 
angle, provided a standard angle is available 
from which it only differs by a small amount. 
The method itself enables us to determine 
standards for the most usual cases which 
occur in practical optics. For a 60° standard,, 
for instance, a prism with all three surfaces 
pohshed is required. By taking the chfferences 
of the three angles in pairs and assuming the 
sum to be 180°, each angle is obtained abso- 
lutely. 

For a 90° standard a square prism should 
be employed. Here again the substitution 
method provides the differences of the angles 
in pairs, and the sum, 360°, being known, the 
value of each angle is obtained. 

For a 45° standard, which may most con- 
veniently take the form of an ordinary total 
reflecting prism, the difference in the 45° 
angle is measured by the substitution method, 
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and tlio right angle compared with the 90° 
standard. Tims the actual values of the 45° 
angles can he obtained. 

For a 30° standard a prism of 30°, 60°, 
and 90° should be used. The last two angles 
are directly compared witli tlie approj^riato 
standards, 180° minus their sum giving tlic 
value of the remaining angle. 

Thus tlio substitution method is self-con- 
tained, inasmuch as it can bo em]iloyod to 
determine absolutely the standards required 
for ordinary test work. 

§ (4) Auto-oollimation Metiioos. — There 
are many methods of determining the commonly 
occurring angles in which the auto-collimating 
telescope is employed.^ The most suitable 
telescope to employ is a small astronomical 
telescope of about 2^ or 3 inch a])erture, fitted 
with a micrometer eyepiece and the illumin- 


O 




when dealing with the jiassage of rays through 
prisms, of “ rectifying ” the path of the ray. 
If one looks into a prism in any direction, lie 
appears to be looking straight through a 
series of chambers which arc reflections of the 
prism itself at the vaiious surfaces encoun- 
tered by the light rays. If those reflected 
prisms are drawn until a surface parallel to 
the front surface is reached, the path of any 
ray between these two surfaces is a straight 
line. When this is done for the cases which 
we are about to ct)nHidor, it is found that 



7. 


atmg device of Fig. 4. The general method 
will be understood from Fig. 7 {a), which shows 
the arrangement for measuring the right angle 
of a 45° prism. The prism is i)laood in the 
position shown relative to the auto-collimating 
telescope, from which an incident beam AB, 
approximately normal to tho hypotenuse of 
the prism, emerges. Two images will bo seen 
in the field of tho eyepiece, one duo to rays 
such as BI' reflected from the front face, tho 
other due to rays which have passed through 
the prism by tho path BODE, being reflected 
approximately normally and returned along 
the path EFGHI". Tho angular displacement 
of these two images depends only on tho value 
of tho right angle. Tho formula is easily 
deduced directly ; but the following general 
method of treatment will bo found useful. 
T. Smith® pointed out tho groat advantage, 

c -S'oe., 1916, xxviH. 242: 

Chalmers and H. S. Hyland, Trans. Opt. Soc„ 
1904-1905, p. 34. 

“ Trans. Opt. Soc., 1918, xix. 120. 


they all roduoo to tho case of roflootion from 
tho front and back surfaco of a slightly pris- 
matic i)lato. Tlio deviation between such 
rays is 2fj.O, p. beflug tho rcfra.otivo index 
and 0 the inclination of tho surfaces of the 
equivalent j)latc. fl’ho internally reflootod 
ray is deviated away fj'om the vertex of 0. 
The prism is devoloi)od in this way in Fig. 
7 {b), tho path of tho ray within the j)rism 
being BEH. Lot 7 "90° •{■5, 5 being tho 
error of tho right angle. Then a -1-/3 = 00° ~ 5. 
Tho inclination between PQ and P'Q' 
= 180° - (PQP' + QP'Q') -a80° - 2(a -|- / 3 ) ^ 25, 
tho oonvergonoo being towards tho loft. Tho 
inclination of HF to BTi is thoreforo 4/^5. If 
the inclination wore in the other direction, 
it would indicate that 7 was loss than 90°. 

In Fig. 8 a number of other cases are drawn. 
A fow words about oaoh will suffico. 

(a) To measure the difforonoe between tlio 
45° angles of a right-angled prism. 0 — a~p. 
Deviation =2g (a- /3). In direction shown if 




118 


GONIOMETRY 


(b) Difference of two angles of equilateral 
prism. Deviation = 2;(,(a-j3). 

(o) Prism of 90°, 60°, and 30°. Light incident 
on shortest face. d—v~ (3/3 + 7 ), = + g if 7 = 

90° — g, and/3 = 30°~p. Deviation =2/u,(3p + q). 

In general for a prism of this character in 
which one angle is 90° — 5 and another is 
Q0°ln — p, p and q being small errors, the diver- 
gence is 2 ^( up +g). 

The defect of the anto-collimating methods 
for precise work is that the beam which tra- 
verses the interior of the prism is almost 
always thrown out of focus on account of 
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§ (5) Defect.? op Prisms. — In the treatment 
of the previous paragraphs we have assumed 
perfect prisms, i.e. perfectly plane surfaces 
ryith the three edges parallel. In practice the 
surfaces are rarely absolutely flat and the 
edges generally converge slightly, i.e. the prism 
is part of an elongated pyramid. Clearly the 
measurements will only be of the highest 
accuracy provided the surfaces are flat enough 
for such accuracy to have any meaning. If 
the different parts of the surfaces vary in 
direction by several seconds, it is meaningless 
to attribute a more closely specified value to 
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slight want of homogeneity of the glass, 
and the accuracy of which the method would 
otherwise be capable is thus discounted. A 
second serious defect is that if the prism has 
pyramidal error (see next paragraph) the two 
images are at different heights in the field. 
This complicates the measurement very con- 
siderably. The difficulty is sometimes got 
over by modifications of the arrangements 
described, in which the condition of sym- 
metrical use of the telescope objective is 
violated. In general practice therefore, in 
accuracy as well as convenience, the auto- 
collimating methods are inferior to the method 


the angle between them. Prism surfaces are 
frequently convex or concave, being really 
long radius curves. This in practice may give 
rise to unexpected discrepancies between 
results obtained by different methods, in 
which, owing to the exigencies of the apparatus, 
different portions of the surface may be em- 
ployed. 

(i.) Pyramidal Error. — ^W^hen the three edges 
are not parallel the prism is said to have 
“ pyramidal eiTor.” With the exception of 
the general methods of § ( 1 ), the methods of 
precise goniometry which w'e have considered 
involve the assumption of the value of the 
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of pyramidal error this is not exactly 180°, 
since the angles measured are the actual 
angles between the faces, and these are only 
equal to the angles of a plane triangle when 
the normals are coplanar. The methods of 
defining pyramidal error vary considerably, 
but we shall define it here as the angle between 
one of the surfaces and the opposite edge. 
In the ease of an equilateral prism the value 
is the same whichever face is considered, 
but in other cases it is not so. For any 
isosceles prism it is convenient to take as 
the pyramidal error 
the angle between the 
unique face and the 
opposite edge. 

Let OBC, Fig. 9, bo 
the plane of the face 
in question, and OA 
the opijosito edge. Let 
ABC lie a section by 
a plane irorpendicular 
to OA. Draw AP 
perpendicular to BO. 
Then AOP is the pyra- 
midal error, -p, as 
above defined. BAO 
is the angle between 
the planes AOB and 
AOC = A say ; butanglo 
ABC -is not the angle 
between the planes 
AOB and BOO, because 
AB and BC are not 
perpendicular to OB. 
If the angle between 
the planes is fi, ;§>AfiG, Similarly 6>A0B. 
Thus A + B + 0 > A + aSC + ACb. These are the 
angles of a plane triangle, A-i- B-|- 6^180°. 
Denote OBA, OfiC, and AfiC by a, (i, and 7 
respectively ; then from the geometry of the 
solid angle of which a, 7 , and are elements, 

cos 7 = cos a cos p + Bina sin /S cos fi, 

.'. cos 6 = co 8 7 coseo a cosoc /3 ~ cot a cot 

= 008 7 (I cot® a -I- J cot® ( 8 ) 

- cot a cot jS, 

since a and /3 are nearly riglit angles. 

_AB^AB AP__ ?) 

°° AO AP’ AO"” sin 7 ’ 

similarly cot B = ~£~~. 

•’ ^ tan 7 

““ S =»“ t{i +1’ ^ } 

P® 


O 



= C0S 7-'^C0S 7, 

= oos ^ 7 +^- cot 7 ^ , 


sin 7 tan 7 


: 7+^2 cot 7 . 
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For an isosceles prism, it is clear from aym- 
metry that 0 - AOB is equal to B - 7 . There- 
fore the excess of the throe pi’ism angles 
over 180°, = 2 ( 6 - 7 ) = 2 ^® 7 - 

In Fig. 10 the values of ^ for various 
pyramidal errors are plotted for the two 
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commonest prisms. Wo see that the sum of 
the angles may bo taken as 180° without 
appreciable error if the value of p does not 
exceed 3 or 4 minutes. For larger values ^ 
increases rapidly and has to be taken into 
account in j)rocise measurements. Wo may 
measure p on the spectrometer as follows. 
Let ABC, Fig. 11 , bo the prism, arranged as 



shown with rosfjoct to the collimator. .Rays 
such as S'D are rofleoted from the faoo AB 
in the direction UW'. Bays such as ST 
follow tho^path STUVW, VW being parallel 
to UW' if A = 6 and p~0. .In the presence of 
pyramidal error one will slope upwards and. 
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the other downwards. Their Tcrtical dis- 
placements can be measured with the micro- 
meter eyepiece suitably oriented. Take as 
reference plane a plane perpendicular to the 
edge C, and let the incident light be in this 
plane. The normal NU will have an inclina- 
tion j) to the plane. Suppose it slopes down- 
wards towards the left. Then the reflected 
ray X7W' slopes downwards by an angle 
cos i. Since AC is perpendicular to 
the reference plane TU is also in this plane, 
so the ray UV slopes upv'ards by an angle 
cos i'. Tills ray meets BC, which is 
also perpendicular to the reference plane, and is 
refracted from glass to air. It is easily shown 
that yp, the upward inclination of the emergent 
ray VW, is equal to where ju, is the refract- 
ive index of the prism. 

Thus the vertical displacement, 8, of VW 
with respect to UW' 

— (j) + \p=2p (cos i + fi cos i'). 

We must substitute for i' in terms of the 
angles of the prism and the angle of incidence 


V = A H- r = A sin" ^ 


1 . 

- sin e. 


therefore 


:A-t-sin"^-sin{7r- (A i-i)}, 


5=2p|cosi-|-/acos| A-]-sin"^^sin(7r- A - 
whence p is obtained. 

The advantage of this method -s that 5 is 
not appreciably affected by incorrect adjust- 
ment of the prism with respect to the plane of 
incidence : the effect is simply to introduce 
a cosine term. In carrying out the measure- 
ment, the twq^ images of the slit will be super- 
posed if A = B. To observe 8 it is necessary 
to block out first the rays externally reflected 
and then those internally reflected. 

Pyramidal error may also be measured by 
auto -collimating methods. In Fig. 7 (b), 
for instance, it is obvious that since the 
y edges of the prism OPQ and its reflection 
OP'Q' ape coincident the faces PQ and P'Q' 
have a vertical inclination of 2p. Thus the 
vertical component of the displacement of 
HI" with respect to AI'=4^p. Similarly in 
Fig. 8 (6) the ^y plane of the reflected prism is 
parallel to the ^ edge of the actual prism and 
is therefore inclined vertically with respect 
to the ay face of the latter by p. Hence in 
this case the displacement of the two reflected 
beams has a vertical component 2/ip. 

J. G. 


Grainless Photography, use for graticule 
production. See “ Graticules.” 
Gramophone. See “ Phonograph and Gramo- 
phone.” 


GRATICULES 

Graticules, a term which came into common 
use during the Great War, may be defined as 
being the measuring marks or scales, usually 
on a glass plate or disc, placed in a focal plane 
of an optical instrument for determining the 
size, distance, direction, position, or number 
of the objects viewed coincidently with the 
scale itself. The term “ graticule ” comprises, 
therefore, the numerous appliances variously 
known as sighting scales, reticules, cross-lmes, 
eyepiece, and stage micrometers, diaphragms, 
webs, etc., which are used in telescopes, micro- 
scopes, and other optical instruments, and it 
is usual to refer to the disc or plate with the 
marks on it as a “ graticule.” 

Being normally viewed under considerable 
magnification, it is of primary importance 
that the fines or marks should be quite sharp 
and clean, whatever the thioloiess of the fines 
may be. The thickness may vary between 
•0001" and -004" according to the purpose for 
which they are used and the method of manu- 
facture. The linos may bo required to be 
opaque, or transparent, or to have special 
optical characteristics, and, except m the case 
of simple cross-lines, the divisions or spacing 
of the graticules usually demands the very 
highest degree of accuracy. Further, whore 
the graticule takes the form of a circular 
disc inserted within an optical instrument, 
very exact centring of the pattern on the disc 
is an essential. Owing to these exacting 
demands hi the way of accuracy and precision, 
the manufacture of graticules is not the 
simple matter which it would appear to bo, 
and has been the subject of an immense amount 
of research. 

The methods of manufacture may bo classed 
under two main headings : (a) mechanical 
ruling, {b) photographic methods. The 
methods by mechanical ruling may bo sub- 
divided into — 

(1) Ruling with a diamond on glass, 

(2) Ruling with a diamond, and subse- 
quently filling in the marks with graphite, 
or some other opaque substance, the latter 
being usually mixed for the purpose with 
copal varnish or some similar medium. 

(3) Coating the glass with a transparent 
film of collodion or similar medium, and 
ruling the linos on this, subsequently cementing 
on a cover glass. 

(4) Coating the glass with waxy or bitu- 
minous substances, ruling through this, then 
etching the lines by moans of hydrofluoric 
acid gas, or by immersion in solutions con- 
taining hydrofluoric acid, and, lastly, filling 
in with opaque substances. 

The photographic methods may be sub- 
divided intO' — 

(1) Photographs on plates or discs with 
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albumen or collodion emulsion having a grain 
as fine as possible. 

(2) Photo-ceramic methods. 

(3) Photo-otching methods. 

(4) By Grainless Photography. 

(5) By Filmloss Photography. 

Of these various methods Nos. 1 and 4 of 
the photographic methods require a cover 
glass cemented on to protect the film ; all 
the others are “ covorloss ” graticules. 

In all countries the prineipal method of 
manufacture up to the year 1914 was the 
mechanical method, tho marks being usually 
fill ed in with an opaque substance. Simiilo 
patterns, such as straight linos at equidistant 
intervals or cross-linos, can bo prod\icod very 
perfectly in this way, but tho method becomes 
cumbersome when anything more elaborate 
is required, such as scales with varying lino 
thiclmcss, or curve'd lines or numbered linos. 
Further, whore lines cross each other tho 
glass is apt to bo broken up, causing tho critical 
point to be loss good than tho rest, and this 
has led to the practice, when ruling linos at 
right angles to each other, of stopping tho lino 
just short of tho cross-lmo, and continuing it 
again a short distance from tho other side. 
The sharpness and api)aront opacity of dia- 
mond-ruled linos depend on tho cloannoss and 
fineness of tho diamond cut and personal skill 
of the operator; tho diamond points are ai)t 
to wear out fairly rapidly and then produce 
inferior work. 

E/uling and etcliing methods are not so 
subject to wear and tear of tho ruling point, 
because tho waxy or bituminous substance 
ruled through is soft. Curved linos, numerals, 
or letters can be reproduced by a pantograph 
arrangement. In other rospoots they suffer 
from tho same limitations in manufacture as 
diamond-ruled graticules, and it is exceedingly 
difficult to coat them witli a resist so perfect 
that tho hydrofluoric acid does not attack 
tho glass hero and there through tho resist, 
occasioning tiny marks or spots on tho glass 
which are objectionable. 

Graticules produced by any method of 
mechanical ruling require separate testing 
for accuracy and finish, each being an 
individual piece of work standing on its own 
merits. 

Graticules produced by photographic moans 
have a great advantage in this respect, for 
any number of gratioulos can bo produced 
exactly similar to one another, witlxout re- 
quiring separate testing for accuracy of scales, 
always provided that the photographic method 
employed is one in which tho film is given 
no chance of expanding or contracting during 
tho process. Tho mam soourity for this is 
by only employing such processes in wlxich 
tho film is not transferred from one glass to 
another, i.e. each graticule disc or plate must 


be coated separately and the film must bo 
loft in situ throughout tho operations. 

Many fine grain processes have been em- 
ployed, collodion in general having been found 
to be tho most suitable medium, since gelatine 
coatings almost invariably accumulate dust 
specks and are not sufliciontly clear. Clarbon 
processes on bichromated gelatine or fish glue 
have likewise boon employed ; in this case all 
except tho imago linos, which are rendered 
insoluble, is removed by washing. Such i)ro- 
cesscs yield very fair results in tho case of 
graticules witli comparatively coarse linos, or 
which are subject only to low magnifications. 

Photo-ceramic motlrods have boon employed 
in Germany mainly for one particular purpose, 
viz, graticules for binoculars. These grati- 
cules have a transparent imago, which is more 
or loss faint — an advantage for tho iiurposo in 
question. They show little ovidonoo of grain. 
Tho process has boon kept secret, but some 
ideas as to tlio methods by which they are 
produced may bo inferred from Gorman and 
Austrian photo -ceramic literature.^ 

Messrs. Adam liilger, Ltd., of London, have 
also developed a photo - coramio method. 
Those graticules have a fine grain, tho imago 
linos bomg 8\iffioiontly firmly adherent to tho 
glass surface to stand tho necessary cleaning 
of tho discs. They will also withstand ordinary 
solvents. This process would soom to have 
boon employed mainly for gratioulos with 
fahly coarse linos, used with low magnifica- 
tion. 

Photo-otohitig mothotlB which were worlccd out 
by J. llhoiuborg, Loudon, in tho early yt'ars of tlio 
War, by coating disoH with an cmulHion imjxu'vious 
to the notion of liydroilnorie aeiil gas before e.xpoHuro 
to light, but pc'rvious to its action after exi>oHure, 
liave not hitherto i)roved Hueec^HHful, boeauso the 
resist suflorod from tlio same def(‘etH already rotcnml 
to m liable to ooour in tho etohing methods after 
mechanical ruling. 

Methods of graticule production by pltoto- 
graphy on a sensitive collodion film, having 
a grain so flno as to stand cionsidorablo mag- 
nification, date back a considorablo time, and 
until rocont years wero chiefly praotisod in 
Germany. Tho actual proooBS lias boon kept 
soorot, but there is ovidonoo to show that it 
has followed f>n tho linos of tho old Tauponot 
Collodion Process, dating from 1865, or some 
modification of tho process.® 

Messrs. Rheinborg & Co., London, have in 
rocont years introducod graticules made by 
a secret process styled “ Orainloss Plioto- 
graphy,” which differs widely from any 

^ Die Photokeramik by .rullim ICrdgor and Jakob 
Hiisnik, inibllshcd by A. Ilartlobon, Vienna and 
Leipzig. 

“ For an ac.connt of thrwo procosHos readers arc 
referred to Ifiird wick’s Photographic. Chemialrp. 1851), 
and an artlelo on “ iqiio ( iraln Photograplile, 1‘fatcH,'* 
JtrUish Journal of Phologrnphy, Heptember 13, 11)12, 
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previous process, both, as regards the com- 
position of the film, the chemicals employed, 
and the methods of photographic treatment. 
Collodion is used as the vehicle of the image. 
By different modifications of the process, 
either black opaque lines are produced, or 
white opaque lines, or transparent lines in 
grey, amber, violet, or other tints. The lines 
remain clean and sharp under considerable 
magnification, the transparent ones show no 
vestige of grain under high magnifications. 

Graticules produced by so-called “ Filmless 
Photography,” another secret process deve- 
loped by the brothers Rheinberg during the 
Great War, represent the latest advance. 
These are similar in appearance and charac- 
teristics to those by “ Grainleas Photography,” 
and may be opaque or transparent, but the 
image vehicle is the surface layer of the glass 
itself, in which the lines are formed in untar- 
nishable metal. In a perfect filmless photo- 
graph the lines cannot be rubbed or cleaned 
off, and they are unaffected by solvents save 
one or two powerful acids, chiefly those which 
attack the glass itseff. 

In one special modification of this process, termed 
the “ Silverline ” process, a brilliant white image 
consisting of an e.xtremely fine fibrillar interlaced 
network of granulated silver, is produced upon the 
glass surface, and not incorporated within the 
surface layer. This image, unlike that in any other 
kind of graticule, has the property of reflecting an 
approximately equal amount of light in all directions, 
no matter at what angle the light is incident upon it. 
The image, however, requires protection by means of 
a varnish. 

In a paper on “ Graticules ” (Tramaclions 
of the Optical Society, May 1919) Mr. Juhus 
Rheinberg has stated the general methods and 
considerations relating to their photographic 
production (with special reference to those 
made by Grainless and Filmless Photography), 
together with considerations as to their design 
in relation to the various purposes for which 
they are required, and in the main the follow- 
ing particulars are abstracted herefrom. 

The usual way is to start with a greatly 
enlarged drawing, say from 12* to 16* dia- 
meter, from which an intermediate reduced 
negative is produced, and this is again reduced 
in a precision camera to the exact size. The 
positive so obtained serves for the production 
of the “ Master negatives,” from which the 
graticules are then made by “contact printing.” 
Drawings should be on smooth, thick, Bristol 
board, not on thin paper or linen which has 
a tendency to cockle. For fine work the 
nature of the ink is important, and of a 
number of Indian inks tried, Messrs. Winsor 
& Newton’s “ Mandarin Black ” was found to 
be the best. 

Whilst it is not needful to draw the original to any 
particular scale of magnification, it is very needful 


to bear in mind that all photographic processes in- 
crease the relative thickness of lines, partly owing 
to the grain of the plate, partly owing to optical 
considerations, and, to compensate for this, the lines 
of the drawing should be finer than the actual' scale 
of magnification of the drawing. Even in graticules 
produced by Grainless and Filmless Photography 
the intermediate negative has to be made on a fine 
grain plate, because grainless emulsions are too slow 
to admit of camera reductions from drawings on au 
opaque board, and lines intended ultimately to be — 

i/500" should be drawn about 6 per cent thinner 
than the scale magnification. 

1/1000" should be drawn about 10 per cent thinner 
than the scale magnification. 

1/2600" should he draAvn about 50 per cent thinner 
than the scale magnification. 

The optical considerations referred to above relate 
to the limits of accuracy germane to all reproductions 
by photographic lenses. No lens produces an equally 
sharp image on a flat plate over the whole field, but 
the deviations are small enough to be negligible 
with a good lens in ordinary photography because 
the lines are much coarser and the grain of the plate 
itself is usually the determining factor in setting the 
limit. When, however, lines of -OOpS inch and less 
are in question, the lens sets the limit, as it is difficult 
to secure these evenly over more than a comparatively 
narrow angular field. 

Similarly the lenses thenaselves set a limit to the 
accuracy with which long scales can be reproduced 
by photographic reproduction, as slight errors may 
occur in the spacing of divisions owing to zonal 
differences of magnification. 

For these reasons many kinds of graticules cannot 
be properly produced from large drawings by camera 
reduction at all, the “ master negatives ” being made 
by contact printmg from originals mechanically 
ruled. Where figures, etc., are employed combina- 
tions of photographically reduced drawings and 
mechanically ruled scales can be used to produce the 
master negatives. 

In this manner grainless photographs have 
been produced with lines as fine as 1/12600", 
although lines finer than 1/6000* are a matter 
of considerable difficulty. 

In any photographic process of graticule 
production the order of accuracy between one 
scale and another, when large quantities of 
a scale are produced, is a matter of importance. 
This will depend entirely on the nature of the 
process, also whether any film transfer has 
taken place. In the case of Grainless and 
Filmless Photography a number of scales were 
sent to the National Physical Laboratory, 
taken from batches at random, which had all 
been produced from the same master negative, 
but not actually from the same negatives, 
as a master negative serves for making any 
number of the actual negatives used by means 
of intermediate positives, and the tests showed 
the maximum error of the scales, either as 
regards over - all length, or as regards the 
divisions, to be within one -twentieth per cent, 
and consequently since this error included any 
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acitiial error in the original master negative, 
the actual valuations between one scalo and 
another produced by either of the processes 
in question would bo below that amount. The 
mam tost was made on scales of 10 mm, 
length ; tests on smaller numbers of scales 
up to 100 mm. length gave similar results. 

The vehicle bearing the image is an important 
consideration in graticules produced photo- 
graphically. Collodion has in general been 
found to be the most suitable and is employed 
in the Grainloss Photographic process as well 
as in the foreign-made graticules. 

In Filmless Photography, however, the 
vehicle which boars the imago is the surface 
layer of the glass itself, and the nature and com- 
position of the glass play an important part, 
smee the process is based on the idea that as 
glass is porous, though the pores may bo 
ultra-microscopic, matter in a suitably lino 
state of division can bo introduced into these 
pores by appropriate methods. The most 
suitable kinds of glass have boon found to bo 
the various descriptions of orown and plate 
glass. Glasses of a particularly dense nature, 
such as barium glasses and baryta light flints, 
have boon found loss suitable, although with 
more or loss trouble fllmloss photographs can 
bo produced thereon, particularly transparent 
photographs whicli do not noeossitato the 
introduction of as much metal into the surfaoo 
layer of the glass as opaque ones. Glasses 
containing any oonsidorablo proportion of 
load, i.e. the ordinary description of flint 
glasses, are unsuited to tlio process, thougli 
this is duo to the softness of those glasses 
and ohomioal combinations which take place 
rather than to any question of density. 

The uses to which graticules are put are 
fairly numerous ; they form a most essential 
part or adjunct of the optical instrument in 
or with which they are employed, and there are 
but few optical instruments used in peace or 
war in whicJi they are not either permanently 
or temporarily used. A good example of the 
relative importance the graticule may assume 
in an optiotvl instrument is afforded by the 
Aldis Unit Tolosoopio Sight for aeroplanes, 
the whole mstrumont being merely a. device for 
seeing the graticule imago sliarply, coineidontly 
with the target which is viewed without any 
magnifioation whatsoever. 

The kind or variety of the graticule naturally 
depends upon the purpose for wlxioh it is used 
in an optical mstrumont, and the advent of 
Grainless and Film less Photography which 
enables graticules to be produced with image 
lines opaque, transparent, or semi-transparent, 
in various colours or tones and possessing 
different optical properties, has not only con- 
siderably inoroasod the purposes for which 
they can bo employed, but also in some 
instances given rise to new forms of mstrumont 


construction. The majority of gratieuliss arcs 
roquiind for use with traiusinittcd liglit, and 
for most of tlusse it has becsn customary to use 
graticules having opaque black liuc'.s, the 
IKissiblo advantage in some cases of trans- 
parent linos not having received any adequate 
attention, probably owing to the fact that 
such graticules wore not generally availahlo. 

The optical difference between a neutral 
coloured transparent line and an opaque one 
is that the former reduecis light from the 
object by a doflnito percentage, whereas the 
latter cuts out the whole of the light. There 
would appear to be a i)revailiug iinpression 
that transparent lines will not stand out 
suflioiontly, or show sufficient contrast against 
a dark ground, which, however, experiment will 
show not to bo based on fact. Excessive con- 
trast indueos eye fatigue and loss of comfort 
in use, which becomes particularly noticeable 
and indeed irritating when graticules have 
opaque patterns in the nature of squared 
linos or other repeating pattonis. Such con- 
trast may hinder the eye in picking up and 
insi)eotiug critically the object tf) bo viewed. 
An outstanding merit of transparent lines is 
that they do not out off any part of the object 
viewed, a not unimportant matter wlioro linos 
are fairly coarse, i.c. oxoooding -OOl inch, whiolv 
. aro frequently roquirotl. Other advantages of 
transparent linos are referred to later oi\ in 
the notes on gratioulo design. 

For one class of gratievdos, viz, military 
binoculars, transparent lined graticules have, 
however, boon in rise for some considerable 
time; for this piUTioso the Gorman photo- 
corainio gratiouh^s wore in use prior to t)ic 
war, also ctoked or direc.tly ruloil linos on 
glass, not filled in. They afford a typical 
oxamiilo of the benefit of faint transparent 
linos, as they do not distract the eye from the 
object and are little notieeil, ludoss attention 
is purposely concentrated on them. 

Anotlior class of graticules, used typically 
in sighting instruments for day and night use, 
aro intoncied for use both wifcli transmitted 
light and reflootod liglxt, appearing black when 
illuminated in the former way, and white in 
the latter, Tlioy aro produced by filling in 
a diamond-ruled imago with white opaque 
linos, or oven more satisfactorily by a modifica- 
tion of the grainloss plvotographio process, 
wjiioh yields white opaque lines. Their opaxdty 
renders tliom black by transmiLtod light, and 
for night work the light is introduced through 
the edges of the disc by a subsidiary lamp, 
the light so introduced being imprisoned in 
the glass except whore it strikes tlio image 
linos, which reflect a jjortkm of it towards 
the eye lens. 

This class of graUcules would seem susceptible 
o( development to nurnerDiis uses, for example 
Bpootrosoopo eyopieoos, as, by ilkiminaliiig tlio disc 
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edge with coloured light, the graticule image may be 
made to approximate in colour to the part of the 
spectrum under observation. It is well known that 
the eye will not sliarply focus widely differing colours, 
or colours and white lines simultaneously, hence the 
utility of some such device. 

Graticules for use by reflecting light only 
are in general produced by the same processes 
already referred to. They are usually illumin- 
ated either directly or by reflectors prepared 
with white diffusing substances. 

Wliilst in all ordinary cases a graticule is 
so mounted that the plane of the graticule 
disc is parallel with the lenses of the optical 
system with which it is used, an exception 
occurs in certain military instruments, in 
which the graticule has to be viewed through 
the optical system at continuously varying 
obliquities, whilst the direction of the light 



Fig. 1. — Black opartue. Line thickness •0004". 
Magnification 85. 


to place the graticule in the main optical 
system, either because that system has no 
real focal plane, or for other reasons of design. 
A frequent device is to place the graticule in 
the focus of a collimating lens and place a 
semi-transparent reflector in the main optical 
system at an angle of 45°. Graticules of this 
description are produced by Gramless Photo- 
graphy, and are similar to the negatives ordin- 
arily employed in that process. 

The design of graticules is a matter repaying 
careful attention. It should not be overlooked 
that the graticule is often an essential, and 
frequently a vital part of the optical instrument, 
that it is under constant scrutiny, and should 
be so designed as to secure the maximum 
efficiency and the greatest amount of comfort 
in use. To ensure tliis it is absolutely necessary 
that it should be properly correlated to the 



Fig. 2. — ^Black opaque. Lino thickness •0004". 
Magnification 050, 


which is reflected from the graticule lines 
remains more or less constant. Ordinarily 
the intensity of the light reflected by a lino 
or a surface varies greatly according to the 
angle at which the light impinges on it, as a 
consequence of which the imago of the grati- 
cule would ho far less brilliant when viewed 
at certain degrees of obliquity than at others. 
To meet this case the “ Silverline ” process 
already referred to was devised, in which the 
image lines have the property of reflecting 
or diffusing light of approximately equal 
intensity in aU directions, irrespective of 
the angle at which the Light impinges on 
them. 

Another class of graticules are such as have 
clear lines on a black opaque ground. These 
are illuminated from behind or by a separate 
source of artificial light. They are mostly 
used in the typo of instrument in which it is 
desirable to project graticule lines, etc., in the 
imago plane, but in which it is not convenient 


conditions under which it is used and to the 
general optical system of the instrument. 

It is desirable to consider — 

(1) The nature of the pattern. 

(2) The thickness of the lines. 

(3) Questions of opacity or transjjarency. 

(4) Questions of differentiation or colour. 

(5) Special optical desiderata. 

(6) Questions affecting price or difficulties 

in production. 

Regarding the nature of the pattern, an 
important point is to keep it as simple as 
possible. Every superfluous line, figure, or 
other mark should be eliminated, for these 
only occupy the field otherwise wanted for 
examination of the object and distract the 
eye. The fact that additional lines, figures, 
and so forth do not add commensuratcly to 
the cost of graticules produced by photographic 
processes is a temptation to load them up 
unnecessarily, but should bo resisted, as 
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practical experience during the War has 
frequently led to complicated patterns being 
successively simplified. 

With regard to the lino thickness of grati- 
cules, a number of interesting little points 
require to bo borne in mind and balanced, and 
in considering these it is convenient to re- 
member that a lino 1/1000" wide, viewed with 
the unaided eye at normal, i.e, 10" distance, 
subtends an angle of about 20 seconds. 
Opaque linos when viewed against a white 
ground apjjoar rather thinner than they 
actually are, as the white light encroaches on 
the two edges of the lino, by irradiation of 
the eye. When the opaque lino is too narrow, 
the lino appears faint and indistinct and 
begins to bo uncomfortable. With the un- 
aided eye a lino 1/500" or 1/20 mm. is 



Fia. 3. — Black einuiuo, Line thickness 'OOl". 
MaKnillcation 85. 


sufficiently narrow for comff)rt. For oyo))ioco 
graticules the magnification of the eye lens 
has to bo taken into account, and the best rule 
for comfort is not to have linos narrower than 
needful. With eyepieces magnifying x 6 to 
X 8 opaque linos 1/2000" or 1/80 mm. will bo 
found sufficiently fine. In micrometer scales 
divided into tenths or twentieths of a millimetre 
the width of the linos may reasonably bo 
reduced to 1/5000" or 1/200 mm., and in 
scales of this description, or scales divided oven 
more finely for microscope stage miorometors 
of the ordinary description, opaque lines are 
the most suitable. The illustrations, Figs. 1 
to 4, are from photomicrographs of Rhoinborg 
Filmloss Graticules taken by Mr. J. E. Barnard, 
F.Inst.P. 

Transparent lines soon against a white 
ground always ap])oar markedly narrower than 
opaque ones of similar width, duo partly to 
the greater encroachment on their edges by 


irradiation. It is rarely necessary or advisable 
to go below -001" in width, t ])0 more so as they 
have the advantage that the object viewed 
can bo seen through them, and centred to tho 
middle of the transparent lino with very great 
accuracy. This feature is also useful because 
linos of varying thickness can bo used on tho 
same graticule disc for differentiation puiposes, 
without sacrificing acemraey of moasuremeuts. 

Where squared lines or repeating patterns, 
or markings in the nature of massed patches, 
are required, transparent lines should always 
bo given j)rofercnc.o over o])aquo ones, unless 
tho latter arc indispensable for reasons 
necessitating mminmvi (jontrast. The depth 
of tint of transparent lines should bo a])pro- 
priato to tho magnification under which they 
are to bo viewed, as it is a somewhat remark- 



Fio. 4.— -Black opaque. Lino. thl(!kneHH •001". 
Maffiiincatlon 050. 


able fact that it differs with the magirification. 
Tho same grey lino of •002" width may look 
almost black to tho unaided eye ; seen with 
on ocular x 5 it ap])ears grey, with an ocular 
X 10 a lighter grey, on the mioroscopo stage- 
magnified 100 times it apjxiars a very light 
grey indeed. 

Ilifforentiation for the sake of cloai’noss and 
facility in reading or counting is a factor which 
should receive consideration. J^or instance, 
in a graticule for counting purposes, a field 
consisting of alternate transparent grey and 
colourless square patches in a chessboard 
pattern,— -the so-called Chessboard Micrometers 
—are more conifortablo and easy to work with 
than graticules simply divided into squared 
lines. Linos of different thickness on tho same 
graticule are another form of differentiation. 
Oases occur, however, where it is still more 
convenient to difiorontiato by lines of dilTeront 
colour on tho same graticule. Such graticules 
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were patented by Messrs. Aldis Bros., Bir- 
mingbam, and known by name of composite 
graticules, because they are usually produced 
by doing the different colours by Grainless 
Photography on two separate discs and cement- 
ing them together. The colours themselves, in 
so far as it is possible to produce them, may 
be selected to obtain contrast in accordance 
with the purpose for winch they are used ; for 
example, an aeroplane telescope graticule for 
use against the blue sky might have golden 
amber Hnes, one principally for use against 
green foliage would conveniently have hnes 
of a violet tone. 

When one scale is measured against another 
scale (microscope stage micrometers and eye- 
piece micrometers offer a famihar example) 
there is an advantage in having the scales 
differentiated in colour so that they can be 
distinguished at a glance. 

The special optical desiderata which the 
graticule should possess will depend chiefly 
upon the methods of iUumination under which 
it is to be used, z.e. whether by transmitted or 
reflected hght or edge illumination, whether 
it is to be viewed normally to its surfaee or 
otherwise, whether with colour screens or 
such-like considerations. These matters have 
already been referred to. 

Lastly, a graticule designer should bear in 
mind that the cost of production of any pattern 
frequently depends largely on seemingly quite 
trivial matters, and should consult with the 
manufacturers in order to avoid specifications 
which unduly increase cost without increasing 
efficiency. For example, specifying a graticule 
on a disc 10 mm. diameter, when a disc of 
15 mm. diameter might be adopted just as 
well, might entail a difference of 50 per cent 
in cost of production. Or by requiring the 
cross -lines in a Fibnless Photograph to go right 
up to the edge of the disc, a large extra cost 
may be incurred compared with one in which 
the lines leave off ^ mm. or 1 mm. froni the 
edge of the disc. Very fine lines in immediate 
contiguity to very coarse ones are inadvisable, 
as they require different treatment by aU 
photographic processes. In short, the instru- 
ment-maker shouldrememberthat the graticule, 
which is at least as important as the other 
parts of his optical mstrument, should not be 
treated as an independent adjunct, to be fixed 
up after everything else is settled, but should 
be carefully considered along with the design 
of the whole instrument, if he is anxious to 
obtain maximum efficiency at lowest cost. 

Consequent upon the limitation of patterns owing 
to the restricted methods of production available 
until recent years, the application of graticules has 
not been developed in many directions in which they 
would appear susceptible of extension. During the 
Great War the tendency manifested itself for the 
design of now types of optical apparatus which would 


not have been feasible but for the fact of the facil- 
ity with which new and unusual types of graticules 
could be produced, and it seems likely that many 
types of optical apparatus might be improved, or 
new types designed, by paying due regard to tlie 
possibilities which graticules now afford. It is 
only needful to bear in mind, for instance, that the 
steel slits of spectroscopes could be replaced by 
graticules having a series of perfectly sharp, clean, 
colourless hnes on a black ground of definite widths, 
and that as the films have less thickness than steel 
jaws there is less hability to stray reflections or 
diffraction. Or, again, the fact that completely 
divided circles can be produced with great accuracy 
in the form of a small graticule opens up the possibihty 
of designing instruments in which such circles are 
either placed in, or projected into, the plane of optical 
instruments to supplant the large and expensive 
graduated metal arcs and circles with their separate 
reading - microscopes elsewhere. Such examples 
show that the possible applications of graticules 
with a view to improvements or simplification in the 
design of optical instruments is a subject which will 
well repay study, and has indeed its own place in the 
general study of Applied Optics. j 


Geaticttles, Stereoscopic : a device em- 
ployed in some stereoscopic rangefinders to 
give a distance scale in the field of 
view. See “ Rangefinder, Short - base.” 

§ ( 13 ). 

Grease-spot Photometer : another name 
for the Bunsen photometer. See “ Photo- 
metry and Rlumination,” § (15). 

Grinding and Polishing oe a Glass Sur- 
face, Stages in the. See “ Optical Parts, 
The Working of,” § (7). 

Groove Form : effect on distribution of light 
in diffraction spectra. See “ Diffraction 
Gratings, Theory of,” § (8). 

Guild Spherometer. See “ Spherometry,” 

§( 5 )- 

Guitar : a musical mstrument of six strings 
which are plucked by the right hand. See 
“ Sound,” § (26). 

Gyro, Floating Ballistic. See Navigation 
and Navigational Instruments,” §§ (13) (ii.), 
and (14). 

Gyro Compass. See “ Navigation and 
Navigational Instruments,” §§ (13), (14), 
(15). 

Gyro Compass, Speed Error of. See 
“ Navigation and Navigational Instru- 
ments,” § (15). 

7-Rays, General Properties of. See 
“ Radioactivity,” § (14) (i.). 

Nature of. See ibid. § (14) (iv.). 
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HArF-SHADO-w Angle, Variation of Sen- 
sitiveness OF POLABIMETER WITH. See 
“ Polarimetry,” § (7). 

Half-value Period of a Radioactive 
Substance : a term used in radioactivity 
to denote the time taken for the atoms 
present in a radio -element to decrease to 
haU. See “ Radioactivity,” § (6). 

Habcourt Photometer. See “ Photometry 
and Illumination,” § (26). 

Hardness op Glass. See “ Glass,” § (25). 

Hardness of X-rays : quality of X-rays. 
See “ Radiology,” § (17). 

Harp : the most important representative of 
stringed instruments which are played by 
plucking with the fingers. See “ Sound,” 
§ (28). 

Harrison Street Photometer. See 
“ Photometry and Illumination,” § (67). 

Hartmann’s Method of Determining the 
Position of an Image-plane. See “ Ob- 
jectives, Testing of Compound,” § (1). 

Hauy’s Law of Constancy of Crystal 
Angles, final proof of, from the general 
law of progression of crystal properties 
corresponding to the advance in atomic 
number. See “ Crystallography,” § (13). _ 

Hearing, the act of. See “ Sound,” § (57) (ii.). 
Human. See ibid. § (57). 

Heeling Error in magnetic compass. See 
“ Navigation and Navigational Instru- 
ments,” § (10) (ii.). 

Hefner Lamp : a flame standard oflScially 
adopted in Germany. See “ Photometry 
and Illumination,” § (7). 

Height, Definition of. See “ Surveying 
and Surveying Instruments,” § (36). 


HEIGHT-FINDER, THE PATERSON- 
WALSH ELECTRICAL 

§ (I) The Bbnnett-Plbydell Prinoiplb. — 
For determining the height of an object, as 
distinct from its range, the simplest geo- 
metrical arrangement is that involving the 
measurement of 
the distance be- 
tween two stations 
and of two angles. 
This was sug- 
gested in connec- 
tion with the 
determination of 
the height of air- 
craft by Lieu- 
tenant Mansell PleydeU and Dr. G. F. Bennett, 
and is known as the Bennett-Pleydell principle. 
In Fig. 1, if two planes ABPQ and CDPQ be 



rotated about their axes AB, CD, until they 
intersect in PQ, then if AB and CD be parallel 
to each other, perpendicular to the line AC, and 
in the same horizontal plane, every point on 
the line PQ will be at the same height above 
this plane, this height being given by the 
formula A=AC/(cot A -cot C), where A and 
C are the angles (both measured in the same 
sense) which the planes ABPQ and CDPQ 
make with the horizontal. 

For in Fig. 1 let AQC be a vertical plane through 
the base AC, and QN perpendicular on AC. Then 

QN=/i, also QAN=A, QCN=180°-C. 

AN =QN cot QAN =h cot A. 

CN=QN cot QCN= - h cot C. 

AC=AN-l-CN=A(cot A-cotC). 

§ (2) The Telephonic Instrument. — The 
height-finders which have been designed on 
this principle are long-base instruments. The 
first (telephonic) type consists of two stations, 
one at each end of a base about a mile long. 
At each station there is a wooden stand {Fig. 
2) holding a rectangular sighting frame F, 



capable of rotation about a horizontal axis. 
At one end of each instrument is a dial and 
pointer arrangement giving at once the angle 
between the horizontal plane and the plane 
of the sighting wire WW attached to the 
rotating framework F. At the other end of 
one instrument is a “ plotting-board ” B, 
rigidly attached to the upright and engraved 
with a series of equidistant horizontal lines 
marked in thousands of feet. In addition to 
these lines there is a semicircular scale of 
degrees over which a loose arm A may be 
swung at will. Rigidly attached to the 
rotating framework F is a second arm C. 
The inner edge of each of these arms passes 
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through its own axis of rotation, and the 
distance between these axes represents the 
distance between the “ home ” and “ distant ” 
instruments on the same scale as the vertical 
distance between either axis, and any one of 
the horizontal lines represents the height 
marked on that line. 

In using the instrument the sighting frames 
at both stations are set with their axes parallel 
and at right angles to the base and are turned 
so that the plane of each wire rectangle passes 
through the object. The angle of elevation of 
the “ distant ” plane is then telephoned to 
the “ home ” station, and the arm A is set 
to this angle on the plotting-board. The arm 
0 automatically gives the same information 
for the “ home ” station ; the triangle, formed 
by the inner edges of the arms A and B, 
with the horizontal line passing through their 
axes, is an inverted scale reproduction of the 
triangle AQC of Fig. 1. Hence the height 
of the object sighted may be read off from the 
position of the intersection point of A and B. 

§ (3) The Electrical Ihstrttment. — The 
chief disadvantage of the telephonic instru- 
ment is that its readings, bemg dependent 
on communication of the angle of elevation 
at the distant station, are necessarily dis- 
continuous and possess a certain small time 
lag. To obtain a continuous indication of 
height the electrical instrument was devised. 
In this the use of the plotting-board and scale 
of angles was dispensed with except as 
incidental to the periodical checking of the 
electrical adjustments. At each station there 
is a uniform resistance supported horizontally 
at a fixed distance below the axis of the sight- 
ing frame, and with its centre directly under 
this axis. Attached rigidly to the axle of 
this frame, and in continuation of the plane 
of the sighting wires, is a phosphor-bronze 
bar which presses against the horizontal 
resistance. In this way the distance between 
the centre of the resistance and the point of 
contact of the bar is always proportional 
to the cotangent of the angle of elevation 
of the sighting frame (see Fig. 3). Thus if it 



be ai’ranged that there is a constant current 
passing through the resistance, the difference of 
potential between the bar and the centre of the 
resistance is also proportional to this (quantity 


By means of a local battery, voltmeter, 
and regulating rheostat, the voltage drop 
across a given length of resistance is main- 
tained at the same constant value at both 
home and distant stations. The distances 
between the axes of rotation of the sighting 
frame and the horizontal tracks of the phospor- 
bronze bars on the resistances are also the same 
at both stations, so that by connecting line 
conductors between the stations in such a 
manner as to put the two voltage differences 
in series, a milliammeter with a suitable 
swamping resistance in the circuit gives at 
once a reading proportional to (cot A - cot C). 
It follows that, in order to obtain a direct 
reading of height, the instrument must be 
provided with a reciprocal scale. Eor the 
purpose of increasing the range two scales 
are provided, one from 1600 to 5000 ft., and 
the other from 5000 to 20,000 ft. The more 
open scale is brought into operation by 
pressing a key switch which normally short- 
circuits a shmit to the moving coil of the 
instrument. 

§ (4) The Pateeson-Walsh Instrument. 
— ^The series resistance of the milliammeter is 
variable, and is so adjusted in relation to (i.) 
the actual voltages employed at the two 
stations, (ii.) the sensitivity of the milliam- 
meter, and (iii.) the ratio of the base length 
to the vertical distance between the axes of 
the sighting frames and their respective 
resistances, that a given base length corre- 
sponds with a definite series resistance for 
aU instruments. Corresponding values are 
tabulated in the instrument box, so that any 
instrument can be used with any length of 
base by suitably adjusting the series resist- 
ance. The electrical circuit used in the 
Paterson-Walsh design of the instrument is 
shown diagrammatically in Fig. 3. R, R are 
the uniform resistances, AZ, CZ the sighting 
planes, and V the milliammeter. In this 
diagram the local arrangements for maintain- 
ing a constant and definite current through 
the resistances are not shown. 

The chief errors to whicli the instrument is 
liable are (i.) leakage in the insulation of the 
main conductors between the stations, and 
(ii.) change of resistance of these conductors 
with change of temperature. On this latter 
account these conductors are required to be 
as heavy as possible, so that their resistance 
may be properly swamped by the series 
resistance of V. 

§ (5) Other Instruments. — It will be 
clear that other adaptations of the principle 
of the electrical solution could readily be 
devised. One of these avoids the use of a 
battery at each station. The two portions 
of the regular resistances are put in scries 
and form one arm of a Wheatstone bridge. 
By continuously adjusting a local resistance 
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to keep- the bridge in balance, a measure- 
ment of the height may be obtained from 
the value of this resistance in circuit at any 
time. 

The accuracy of all height-finders working 
on the Bennett-Pleydell principle is necessarily 
dependent on the parallelism of the axes of 
the two sighting frames, and it is desirable 
that the departure from this parallelism should 
not exceed 6' of arc. If parallel, the axes may 
be slewed with respect to the base line by as 
much as 5° without correction, or by any angle 
up to 30° if the length of the base line bo 
corrected by the factor cos 9. 

§ (6) Correction eor Dieeebenoe of 
Level. — In all that has been said above it 
has been assumed that the two stations are 
on the same level. If their difference of level 
be d, it may be readily shown that the now 
formula for A is 

{b - (d j2)(cot A -f cot C)} 

(cot A — cot C) 

A rigorous practical solution of this expression 
is not possible, but a very close approximation, 
in all practical cases, to the correct result is 
obtained by setting over the sighting frames 
with respect to their pointers, so that when 
the latter are readng 90° the frames are not 
vertical, but are tilted downhill at both ends 
by an angle equal to half the angle of the 
slope (supposed continuous) between the two 
stations. In this manner the instrument 
indicates the values of b (cot - cot B - 0), 
where tan 20 = d/b, and it may bo shown that 
this formula gives a very close approximation 
to the accurate expression, heights being in- 
dicated as above tlic itiean level of the two 
stations. 

§ (7) Use of this Instbitment. — The 
instrument cair be used for all angles of 
elevation greater than 20°, but below this 
value the line of contact of the phosphor- 
bronze bar on the even resistance is liable to 
variation, and a small inaccuracy of sighting 
produces a considerable error in the indicated 
height. The error of an instrument such as 
that described should not exceed 300 ft. at 
a reading of 12,000. 

It will be apparent that if sight of the 
object be lost at one station an entirely 
erroneous reading may be given by the 
indicating instrument if no means is provided 
for cuttmg it out of circuit. In the actual 
design, the circuit connecting the two stations 
with the indicator is not completed until a 
small key switch is depressed at each station. 
These keys are operated by the observers at 
the sighting frames, so that if the target be 
lost at either end, the indicator can be at 
once brought to zero, i.e. to infinity height 
on the reciprocal scale. j_ 
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Height-finders, Anti-aircraft. See “ Range- 
finder, Short-base,” § (8). 

Heliostat, The : a clockwork device for 
directing the rays from tlio sun into a fixed 
telescope or other optical system. See 
“ Telescope,” § (17). 

Hetbbooheomatio Photometry: the com- 
parison of liglits of diflorent colours. Seo 
“ Photometry and Illumination,” § (93) 
et sqq. ; also “ Spectrophotometry,” passim. 

High Potential Generators fob X-rays. 
See “ Radiology,” § (Ifi). 

Hilgeb’s Constant-deviation Si’eotro- 
METEB, used as monochromatic illuminator. 
See “ Immersion Rofraotomotry,” § (7). 

Hilgeb’s Seotor Photometer : an instru- 
ment used in the photograjdiic method of 
spectropliotomctry. See “ Spoctrophoto- 
motry,” § (17). 

HOoner’s Method of oalgulatino Aveuaoe 
Illumination. See “ Photometry and Il- 
lumination,” § (70). 

Holders, Plate-, for portable ‘field and 
copying cameras. Seo “ Pliotograpliio Ap- 
paratus,” § (5) (i.). 

Hollow Glass-ware, Manufacture of. See 
“ Glass,” § (18) (i.). 

Homo-hetero-analysis (of colour): the 
matching of a colour by a mixture of grey 
with the correct proportion of homogonoous 
radiation of the correct wavo-lengtii. See 
“ Spoetrophotomotry,” § (3). 

Horn, Eb Tenor : a brass wind-instrument 
with valves. See ‘‘ Sound,” § (41). 

French, in G ; scale on, tabulated. See 
ibid. § (38), Table VIII. 

French, with valves. Seo ibid. § (38). 
French, without valves. Seo ibid. § (37). 

Hot-oathode Tunis : a tube in which olootrons 
are produced from an olootrioally lioatod 
spiral of tungsten. The vacuum in the 
tube is so high that the residual gas iilays 
no active part. Seo “ Radiology,” § (8). 

Hue: that attribute of colour in light by virtue 
of which it differs from grey. Seo “ Spootro- 
photomotry,” § (2) ; see also “ Eye,” § (8), 

HffFNBR’s Speotroi'hotometbr. Soo “ Spec- 
trophotometry,” § (12). 

Humours : the fluid contents of the eye. 
Soo “ Eye,” § (2). 

Huygicns’ Construction ; a graphical method 
of determining tlio form of an advancing 
wave-front by considering it as the envelope 
of the secondary wavelets omitted by all 
points on the original wavo-front. Seo 
“ Polarised Light and its Applications,” 

§ (fi). 

Huygens’ Eyepiece. .Soo “ Telosoopo,” § (0) ; 
“ Eyepieces,” § (2). 
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Hydrocbxoiiic Acid Fumes as a Test for 
Optical Glass. See “ Glass, Chemical 
Decomposition, of,” § (3) (i.). 

Hydrogen Particles produced by collision 1 


of a-particles with atoms of light elements. 
See “ Radioactivity,” § (12). 

Hygroscopic Nature of Glass. See Glass, 
“ Chemical Decomposition of,” § (1). 


— I 

Illumination. See “Photometry and Illu- 
mination,” § (2) and § (50) e^ sqq. 
Illumination, Kinemato graph, sources and 
condenser lenses suitable for. See “ Kine- 
matograph,” § (10). 

Illumination, Optics of. See “ Projection 
Apparatus,” § (3). 

Illumination Curve: a diagram showing 
the distribution of illumination along a 
given line. See “ Photometry and Illumina- 
tion,” § (G9). 

Illumination of Microscopic Objects. See 
“ Microscope, Optics of the,” § (22). 
Illumination Photometers, General Prin- 
ciples OF. See “ Photometry and Il- 
lumination,” § (16). 

Illumination required for most Accurate 
Photometry. See “ Photometry and Il- 
lumination,” § (21). 

Image Plane of Optical System, determina- 
tion of, by Hartmann and Foucault’s methods. 

■ See “ Objectives, Testing of Compound,” 
§{1)- 

IMMERSION REFRACTOMETRY 

§ (1) Introduction. — The ordinary direct 
methods'- of measuring the refractive indices of 
glass specimens cannot be applied when one 
wishes to determine the refractive properties of 
a specimen of glass which is unpolished, or is 
in the form of a lens, or is very small. It is 
frequently either inadvisable or impossible to 
grind and polish optically flat surfaces on a 
specimen, on account of its being a component 
of some optical system which it is essential to 
keep intact, or because of its small size. In 
such cases the usual method adopted for 
measuring the refractive index for any given 
wave-length is to immerse the specimen in a 
transparent liquid having approximately the 
same index, and to vary the concentration of 
the liquid until the refractive indices of liquid 
and specimen for that wave-length are the 
same. The refractive index of the liquid is 
then measured by means of one of the 
ordinary methods. 

Four of the more important methods which 
depend on this principle are as follows : 

§ (2) Christiansen’s Method; — Christian- 
sen 2 described an immersion method of 

* See article on " Spectroscopes and Refracto- 
meters.” 

’ C. Christiansen. WvA. Ann., 1884, xxiii. 298 ; 
1886, xxiv. 439. 


measuring the refractive index of glass in the 
form of a fine powder. The powder is placed 
in a hoUow glass prism of refracting angle 46° 
to 60°, which is filled with a mixture of carbon 
disulphide and benzene. When a homo- 
geneous mixture has been obtained by means 
of stirring, the prism is placed on the table 
of a spectrometer, the collimator slit of which 
is illuminated by a sodium flame. The sodium 
hne is seen sharply defined in the telescope. 
The powder gradually sinks to the bottom of 
the prismatic cell and the constitution of the 
mixture becomes different in different hori- 
zontal layers. As a result of this a band 
of light is seen in the field of view of the 
telescope. After some minutes, however, the 
powder collects at the bottom of the cell. 
One now sees two sharp lines, one due to 
refraction in the clear liquid and the other 
due to refraction in the saturated mixture. 
The refractive index of the powder may then 
be determined from the results of measure- 
ments of the refractive indices of hquid and 
mixture for two slightly different concentra- 
tions of the hquid. Christiansen determined 
by this method the refractive indices of a 
specimen of crown glass for the lines C, D, and 
F. His mean results differed from those 
obtained by direct measurement by 1 to 5 
units in the fourth decimal place. 

The above method can only be apphed to 
the case of very finely divided powders, for 
with coarser powders homogeneous mixtures 
cannot be satisfactorily obtained. Christian- 
sen measured the refractive properties of 
coarser powders by a different method, which 
is easier to apply, but does not yield quite so 
accurate results. The principle of the method 
is as follows. If one introduces glass powder 
into a suitable mixture of carbon disulphide 
and benzene, one can observe two colours, 
one of which consists of hght which passes 
through without refraction, while the other 
is composed of aU the other colours. The 
two colours are therefore complementary, the 
first being monochromatic and the second 
heterochromatic. Christiansen in his experi- 
ments made use of two sensitive tints corre- 
sponding to monochromatic light of wave- 
lengths 530 and 460 /xfi ; the heterochromatic 
colours were reddish-violet and dirty yellow 
respectively. The concentration of the carbon 
disulphide and benzene mixture is gradually 
altered until the first sensitive tint is observed. 
The refractive indices of the liquid and the 
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glass aro then the same for the wave-longth 
530 jj-ix. The indices of the liquid for the 
lines C, D, and F are determined in tho 
ordinary way, and tho index for the wave- 
length 530 fxiJ. is obtained by interpolation 
or with the aid of Cauchy’s dispersion formula. 
The process is then repeated for tho second 
sensitive tint. In this way the refractive 
indices of tho glass for tho wave-lengths 630 
and 460 jJ-fJ- aro determined. A specimen of 
flin t glass was experimented with, and tho 
values of tho indices obtained by this method 
for the critical wave-lengths differed from 
those derived by direct measurement by 8 
units and 1 unit in tho fourth decimal place 
respectively. 

§ (3) Chalmbes’ Mbtiiod. — Chalmers ^ em- 
j)loyod a method of measuring tho refractive 
indices of a lens, which consisted in immersing 
the lens in a liquid of approximately tho same 
index and determining its focal length. If 
is the index of tho lens and /Xq that of the 
liquid, tho focal length F is given by 

F=K-Mo)(Rx-R;^. 

where R^, Rg curvatures of tho 

surfaces, considered positive when convex 
to tho incident light, provided that tho 
thickness of the lens is small in comparison 
with the radii of curvature. It is then only 
necessary to determine tho values of F, R^, 
and Rjj to tho degree of accuracy that is 
required for tho value of /Xj - /x^. A series of 
stable transparent liquids of suitable refract- 
ive index is used ; for example, cedar oil 
(/xd=1'617 approximately) and oil of cloves 
(^d = 1’530 approximately) are useful for tho 
measurement of the indices of crown lenses. 
An average accuracy of about 5 units in tho 
fourth decimal place was oTitainod with tho 
method. 

§ (4) Maetin’s Method. — Tho principle of 
this method ^ is to immerse tho specimen in a 
suitable liquid, such as carbon disulphide or 
mercury potassium iodide, contained in a 
prismatic coll resting on tho prism table of a 
spectrometer, and to adjust tho concentration 
of the liquid until tho spectrum lino, for 
which tho refractive index of tho spooiraon 
is to bq measured, is seen in sharp focus. 
The angle of minimum deviation for the line 
in question is then determined and tho 
refractive index calculated in the usual way. 
The diluent employed is alcohol, and the 
liquid in tho cell is kept homogeneous by 
mechanical stirring. An average accuracy of 
about T4 in tho fourth decimal place was 
obtained by this method. Measurements were 
made on the C, D, and P lines of tho spectrum, 
but the author states that when using mercury 
potassium iodide as tlio immersion liquid it 

^ S. D. Chalmers, Vroc. Opt. Convention, 1905, 
p. 198. 

’ L. 0. Martin, Opt. Soc. Trane., 1916, xvii. 76. 


was not easy to determine tho values for tho 
F line. 

§ (6) Cheshiee’s Method. — An accurate 
method of immersion refractometry has been 
described by R. W. Cheshire.^ It is based 
on tho shadow method introduced by 
Foucault ^ for figuring surfaces. Tlie imago 
of a vortical straight edge, backed by a source 
of monochromatic light, is projected by a 
telescope objective into tho piano of a second 
straight edge, which is so arranged as to 
cover about half tho full aperture of tho 
objective of an observing telescope. A 
I'ectangular coll containing tho glass specimen 
immersed in a suitable li(piid (mercury 
potassium iodide was employed) is placed 
near tho first objective on tho side away from 
tho source of light. Tho strength of tho liquid 
is varied until, on traversing tho scc(md 
straight edge across tho objoctivo of tho 
observing toloscopo, which is focussed on tho 
glass specimen, tlio whole field darkens 
simultaneously and uniformly. This only 
happens when tho rofractivo indices of tho 
glass and tho liquid arc tiro same. Tho 
index of tho liqind is measured directly, tho 
coll being oemontod to tlio block of a Pulfrich 
rcfractometer. An average of 2 units in tho 
fifth decimal place was obtained by this 
method in moasuromonts on tho sodium 1) 
Uno. It was found difficult to obtain accurate 
values of tho indices for tho hydrogen C and 
F linos owing to want of sufficient brightnoss. 

One groat disadvantage in nrost of tho 
nrethods so far described is tho nocossity for 
accurately adjusting tlio strength of the 
liquid so as to obtain equality of index for 
any given standard wave-length. On aji- 
preaching tho balance yioint it is frequently 
found that, after adding a di'o]) of tho con- 
centrated liquid or of the diluting medium, 
in order, as the case may bo, to incroaso or 
dooroaso tho density of the mixture, tho 
point of equality has been ovorroachod. 
Even when one goes to tho trouble of projiar- 
ing for each wave-length two mixtures, one 
slightly denser and the other slightly loss 
dense than tho mixture of required rofractivo 
index, a considerable time is spent before tho 
correct amounts of those mixtures have boon 
added. Then again, oven if tho ooiToot 
density of tho immersion liquid has boon 
attained, it may alter appreciably, duo to 
evaporation at tho surface, during tho time 
occupied in making tho necessary measure- 
ments of tho refraotive index. Such diffi- 
culties aro ovoroomo in tho two following 
methods, descriptions of which have recently 
boon published. 

* Jl. W. flhcshire, TMl. Mrtff., 1910, xxxli. 409. 

‘ L. Foucault, Ann. do rObeervatoiro de Pnrie, 
1869, V. 107 ; Recueil dee iravaxm scimtif,, Paris. 1878, 
232; BOO article on “Objectives, The Testing or 
Oojnpound.” 
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§ (6) Fabey’s Method. — ^This method ^ de- 
pends on the measurement of small differences 
of refractive index by comparison with the 
index of a reference prism. The immersion 
liquid is contained in a cell with approximately 
parallel sides, and the reference prism and the 
specimen whose index is required are simul- 
taneously placed in the liquid. A certain 
number of standard reference prisms is 
required (Fabry uses five), and in each case 
that one is chosen whose index is nearest to 
that of the specimen under examination. 
The index of the liquid is then determined 
by means of the deviation which the prism 
produces relatively to the ray which traverses 
the cell without passing through the prism. 
Fabry employs 'carbon disulphide as the 
immersion liquid. The cell is placed between 
a collimator and a telescope mounted on a 
divided circle, which reads to about one 
second. The faces of the cell are set normal 
to the collimator beam, and the reference prism, 
whose refracting angle is 90°, is placed in the 
cell with its faces equally inclined to the 
incident beam. The observing telescope is 
provided with an objective of 40 cm. focal 
length and an adjustable eyepiece with 
millimetre graduations. The collimator slit 
is illuminated by means of a source of light 
giving a line spectrum. Now if A be the 
angle and n the refractive index (corresponding 
to the wave-length of one of the lines) of the 
reference prism, and N the index of the liquid, 
the angle of deviation D due to the prism is 
given by 

D=2(n-N) tan A/2, . . (1) 

if the difference between n and N is small. 

Thus, if A=90°, 

N=m-D/2. . . . (2) 

an equation which gives N in terms of the 
known refractive index n and the deviation 
D, which is measured on the circle. If D is 
greater than 1° it is advisable to use a more 
accurate formula, such as 

N = n- 4smD-l-i sin* D-f- sin® D 
8m. 4n* 

15 

of which the third term is very nearly quite 
negligible. It gives correct values, where 
A = 90°, up to values of D of about 15°. 

The method of obtaining the refractive 
indices of a specimen in the form of a lens is 
as follows: The strength of the liquid is 
roughly adjusted so that its index is very 
nearly equal to that of the lens for a given 
radiation. The position of the telescope 
draw-tube, for which the line in question is 
sharply focussed, is determined when the 
reference prism alone is immersed in the 
^ 0. Fabry, Joum. de Physique, 1919, xi. 11. 


hquid. The lens is then immersed- in the P®- 
of the beam of light, and the position of f 
draw -tube is altered by an amount x so ns 
bring the line into sharp focus again. Ab b 
same time the deviation D is measured. T 
composition of the hquid is then sligli^ 
altered and new values of x and D are measux'c 
Having obtained two or three pairs of valU' 
including positive and negative values of 
a curve is drawn with x and D as co-ordinab 
From this curve, which is practically a straig 
hne, the value of D which corresponds 
x~0 — that is, to equahty of index of Ions a 
hquid — can be deduced. The index of f 
lens can then be obtained from the formula ( 
Fabry finds that the error of focussing f 
telescope is of the order of ±1 mm. a 
theoretically deduces the fact that, in or( 
to obtain for refractive indices an aooura 
of one in the fifth decimal place, the differoi 
in thickness of the centre and of the edge 
the effective portion of the lens must at lo- 
reach the value 6000X. Thus a difference 
thickness of 4 mm. is sufficient to ensure b 
accuracy throughout the spectrum. 

The method as applied to a specimen in -i 
form of a prism is somewhat similar. 1 
prism is immersed in such a way that its oc 
is perpendicular to the edge of the referei 
prism. A wire is stretched across bho c 
limator slit, its image appearing as a blf 
point. The vertical deviation d of this imi 
is measured by means of a micrometer o 
piece, the motion of which is parallel to ’ 
length of the sht, and at the same time 
horizontal deviation D caused by the roJ 
ence prism is determined. The simultano' 
measurements of D and d are made for twc 
three different strengths of the immora 
liquid, and a curve is drawn through the poi 
corresponding to the values obtained. Ifi 
this curve, which is practically a straight 1: 
the value of D which corresponds to d 
may be obtained, and then the index of 
specimen can be deduced, as in the forj 
case, from formula (3). Fabry found that 
method gave results correct to 1 or 2 u] 
in the fifth decimal place in the case o 
specimen of quartz, the angle between acljac 
faces of which was 120°. He does not indie 
for what wave-length the measurement • 
made. 

The method can also be applied to the c 
of irregular fragments with curved faces (s 
as rods of glass or beads of borax fused 
platinum wire) and transparent substai 
in the form of powders with coarse grains. 

The method is in many respects a g: 
improvement on those that have already h 
described, but it is doubtful whether the def 
of accuracy claimed, namely one unit in 
fifth decimal place of refractive index, -wil' 
attained in general practice. 
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§ (7) Anderson’s Method. — In this case ^ 
the use of auxiliary prisms of known refract- 
ive index is not required. The salient point 
of the method consists in the substitution 
of a variation of wave-length for a variation 
of the strength of the immersion liquid. The 
apparatus required consists of a rectangular 
glass cell for holding the immersion liquid, ** 
a Hilger constant deviation spectrometer used 
as a monochromatic illuminator, a Pulfrich 
refractometer for measuring the index of the 
liquid, and suitable observing apparatus for 
determining the wave-lengths for which the 
indices of the liquid and the specimen are 
equal, A number of alternative methods are 
used for finding the balance points ; they are 
as follows : 


distance between Sg and the microscope for 
the introduction of the cell. For convenience 
of observation a reflecting prism Rj employed 
to deflect the beam of light in the nricroscope 
through a right angle. In tliis way the eye- 
pieces of the refractometer telescope and the 
microscope are brought close together. The 
prism Ri is mounted on a small table attached 
to the refractometer and is rotated out of the 
position shown in the diagram when the wave- 
length has boon adjusted for equality of index 
of liquid and glass, in order that the refracto- 
meter measurement may bo made. 

The method of measuring the refractive 
index of the glass specimen G for, say, the 
hydrogen 0 line is as follows: The concen- 
tration of the liquid is first of all roughly 



Method (i.). — This is 
illustrated in plan in Fig. 1. 
The light from a “ Pointo- 
lite ” tungsten are P is 
focussed on the first slit 
Si of the monochromatic 
illuminator I by means of 
a lens Li- An image of a 
vertical spider -line stretched 
across the second slit Sj of 
the illuminator is formed 
at S 3 by the lens Lj, a 
reflecting prism being 
used to deflect the beam of 
light through a right angle. 
0 represents the cell con- 
taining the liquid in which 
the specimen of glass G is 
immersed. The mechanical 
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stirrer used for mixing up 
the liquid in the cell is not shown. Optical 
contact is made between the base plato of the 
cell and the block of the Pulfrich refracto- 
meter by means of a drop of a - monobrorao- 
naphthalene, or, in the case of extra dense 
flints, mercury barium iodide. T roprosonts 
the observing telescope. So the vortical scale, 
and Lj the condensing lens of the refracto- 
meter. H is the hydrogen vacuum tube 
which is used as the source of light for the 
measurement of the refractive index of the 
hquid. The telescope T during the experi- 
ment is below the horizontal plane oontaim’ng 
the axis of the optical system for measuring 
the balance point of refractive index. A low- 
power microscope M is focussed on S 3 through 
the liquid. A 3-moh objective is used in the 
microscope in order to got sufficient working 

* J. S. Anderson, Opt. Soc. Trans., 1.020, xxl. 195. 

“ Mercury potassium iodide Is used. 


adjusted until its refractive index for C is 
nearly equal to that of the specimen. This 
can bo rapidly done, before the coll is placed 
in position on the rofraotomotor block, by 
altering the strongtli of the liquid until the 
image of an object (preferably illuminated by 
rod light) soon through the spooimon and the 
liquid very nearly coincides with the image 
seen through the liquid alone. When the 
coll is in position, the spoeimon is mounted 
in such a way that it intercepts part of the 
beam of light which passes through the liquid. 
In general, therefore, two images of the spider- 
lino will be soon in the mioroscopo ; the one 
which is formed by the light which traverses 
the specimen and the liquid will bo fairly well 
defined only if the specimen is regular in shape 
(such as a lens or prism). The drum of the 
monoohromatio illuminator is now rotated 
until the two images are brought into coin- 
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cidence and the scale reading a is noted. 
The prism is then swung out of position 
and the scale reading r on the micrometer 
drum of the Pulfrich refractometer, corre- 
sponding to the refractive index of the liquid 
for the C line, is determined. The reading 
s can be made from a position in the neigh- 
bourhood of T and M by placing a reflecting 
prism and lens combination above the drum 
of the monochromatic illuminator, the scale 
being illuminated by a flash-lamp bulb. 

The concentration of the liquid is next 
altered shghtly by introducing a drop of liquid 
of somewhat higher or lower refractive index, 
as the case may be, and the observer waits 
until the mixture is made homogeneous by 
stirring. Two images of the spider-line will 
again be seen, and their separation wfll depend 
on the effective angle of the edge of the 
specimen used and on the difference of index 
of the hquid caused by the addition of the 
drop. In order to get as great a separation 
as possible it is therefore advisable to adopt 


^3 


such an orientation of the specimen as to 
present a maximum effective angle in the 
path of tlje beam. The wave-length of the 
light is now altered until the scale readings 
s and r are determined, the latter corre- 
sponding to the refractive index of the new 
mixture /or the O line. The process is repeated 
for two or three different concentrations of 
the liquid, its refractive index being varied 
by small steps. 

The pairs of values of a and r thus obtained 
are now plotted and a curve is drawn through 
the points. Prom this curve the value of r, 
which corresponds to the scale reading a for 
the wave-length of the hydrogen C line, is 
determined ; this value of r then gives the 
angular /eading on the refractometer which 
would have been obtained if a mixture with 
the same refractive index as the specimen for 
the C line had been made up. The reason for 
plotting values of a and r, and not the values 
of the wave-lengths and the refractive indices, 
is that the curve thus obtained ia a straight 
line, provided that the scale of the mono- 
chromatic illuminator is an evenly divided 
one. On this account only a few sets of 
readings are necessary for each determina- 
tion of refractive index. 

A similar process to the above a applied 



in the case of the other wave-lengths employed, 
namely those corresponding to the sochum 
and hydrogen P lines. In the case of the 
former the refractometer settings are made 
for the sodium Dj line, and a correction has 
to be made in order to obtain the index for 
the line. 

Method (ii.). — ^The second method that was 
adopted for determining the balance points 
is similar to the one just described, but is 
somewhat more sensitive. The optical system 
employed is shown in Fig. 1a. The image 
S3 of the vertical spider-line stretched across 
the second sht 83 of the monochromatic 
illuminator is formed by two lenses L2 and 
L4, one on either side of the cell C, the beam 
of light which passes through the liquid being 
rendered parallel by the lens Lj. One advan- 
tage of using this system rather than the one 
shown in Fig. 1 is that a higher power micro- 
scope may be employed, since its working 
distance is not hmited by the interposition 
of the cell between S3 and the microscope 
objective. A small right- 
S angle prism R is attached 
' to the objective of the 
microscope M so as to 
bring the eyepiece of 
the latter into close 
proximity to that of 
the refractometer tele- 
scope T. 

Both of these methods 
(but especially the latter) 
are very convenient for 
observing the balance 
point, particularly when the specimen under 
examination is in the form of a lens or 
prism. Attention may again be directed to 
the fact that, in order to obtain the greatest 
accuracy with any given specimen, the 
greatest effective angle of the specimen should 
be utilised, so as to give a maximum deflec- 
tion of the image formed by the hght which 
passes through the glass and the liquid. 
Thus, for example, in the case of a flat lens 
the specimen should be moxmted edgewise 
in the beam of hght, for with such an orienta- 
tion it is practically equivalent to a thin 
prism of large angle. 

A modification of method (ii.), whereby the 
beam of Hght is made to pass twice through 
the specimen, and thus give double the 
deviation, is shown in Fig. 2 . The second 
sht 83 of the monochromatic illuminator is 
placed at the focus of the lens Lj, so that a 
parallel beam of Hght is caused to pass through 
the cell C. This beam is reflected back by a 
plane mirror A, sHghtly inclined to the beam, 
and after again traversing the cell is brought 
to a focus at S3, a small right-angle prism R 
being inserted so as to deflect the Hght thropgh 
90 °. The spider-line image formed at S3 is 
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tlien observed by means of a microscope M. 
The mirror A may be mounted on a table 
which can be swung out of position when the 
refractometer measurements are being made, 
or it may be fixed in such a way that the beam 
of light from the hydrogen tube H passes 
underneath it. By placing the mirror at a 
small angle to the beam, the reflected light is 
brought to a focus at the side of the slit Su, 
thus involving less loss of light than if a half- 
silvered mirror wore used instead of tho 
prism R, and, further, tho images formed 
by hght reflected from the walls of the coll 
do not disturb the main imago which is to bo 
observed. 

Method (iii.). — Another method, wlrioh is 
convenient to employ in tho case of lenses and 
prisms, the edges of which form fairly largo 
effoctivo angles, is iUustratod in Fig. 3 . A 


I intersect corresponds then to tlio wave-length 
for which tho rofractivo indices of tho liquid 
1 and tho apocimon arc equal. This method is 
a very pleasant one to work with, but it does 
not give such accurato results as tho previous 
ones, unless tho angle of tho spocimon is fairly 
largo. With spocimons of small angle it is 
sometimes rather difficult to dotormino tho 
point C with accuracy, as tho region round C 
is filled with systems of fringes. 

Method (iv. ). — Another method of observing 
tho balance point is similar to the ono employed 
by R. W. Clroshirc, and is especially convenient 
in tho caso whore tho spocimon to bo examined 
is in tho form of an irregular fragment. Tho 
general arrangement of apparatus is tho same 
as that shown in Fig. 1a, except that, instead 
of using a fine vortical spider-lino across tho 
second sht of tho monochromatic illuminator. 


C==0 

H 



lias. 3 and 3A, 


piece of ground glass Gr is illuminatod by a 
“ Pointohte " tungsten arc P, and a very fine 
wire or -Spider-luro W is mounted horizontally 
on tho other side of tho ground glass. An 
image of this wire is formed across tho slit 
of a spectrometer Sp by moans of two lenses 
Ljj and L*, the wire being at tho focus of tJm 
former. The coll 0 is mounted in tho path of 
the parallel beam of light between Lj and L^, 
tho general arrangement of apparatus being 
much tho same as in the previous method. 
The specimen is mounted in such a way tliat 
its edge intercepts tho upper half of the beam 
of light which passes through the liquid in 
Idle cell. Before the specimen is immersed 
in tho liquid one sees in the spectrometer a 
spectrum traversed horizontally by a fine 
dark line AA {Fig. 3a), corresponding to tho 
point on the slit where the imago of tho wire 
W falls. If, now, the spocimon is placed in 
position, another dark lino BB will bo observed. 
This line, which is straight if tho spocimon 
IS a prism and approximately straight if it 
is a lens, makes an angle with tho lino AA 
depending on tho effective angle of tho spoci- 
nien. The point C whore those two hnes 


the slit is narrowed anil a fine 1 
wire or spider-lino is made to 1; 
coincido at 83 with tho imago ( 
of tho slit formed by tlio liglit W 
which traverses tho immersion 
liquid alone. No obsoiwing miorosoopo is 
required ; on placing one’s oyo behind 
the wire at 83 no light roaohoa it unless 
tho rofractivo hidioos of the liquid and tho 
spocimon arc different. Tho method of obsor- 
vation is, thoroforo, to alter tho wavo-longth 
of tlio light until tho spooimon suddenly dis- 
appears in tho field of view. This modification 
of tho shadow method does not, of oOurso, give 
such aoourato results as Cheshire’s method, but 
it has tho advantage of greater oompaotnoss 
and, m combination with tho rest of tho process, 
of greater available intensity. 

M^hoA (v.). — Ono of tho most aoourato 
methods of obsoiwing tho balance point is to 
make use of an intorforometor system,’- For 
tho sake of simplicity this may bo built up 

o recently boon dealt with by 

/nlCT/erowt™ of Reversed and Non- 
fJarnoRlo Institution of 
Wa8hliigt.on Publioatlon, 101.7, ccxllx. 06. 
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on the plan of the Rayleigh interference re- 
fractometer.^ Preliminary experiments carried 
out some years ago with a Michelson inter- 
ferometer system showed that very accurate 
determinations of the equality of refractive 
index could be obtained. The method, how- 
ever, necessitates the emplo5rmenb of an 
optically accurate, parallel-sided cell, and the 
system must be mounted in such a way that 
it is free from vibration. For most purposes, 
therefore, the increased sensitivity does not 
compensate for the more rigorous conditions 
required. The method would, however, be 
extremely useful for detecting and measuring 
small variations of refractive index in speci- 
mens of irregular shape. 

In experiments with prisms having angles 
of about 12-5° the results obtained by using 
method (ii. ) were found to give for the C, D^, 
and F lines a mean error of about 5 units in 
the fifth decimal place, though this error may 
be somewhat reduced by modifications of the 
optical systems employed. 

In conclusion, it is interesting to note that 
the principle of immersion refractometry is 
used in mineralogy for determining the refract- 
ive indices of mineral fragments.® j_ s. a. 


Indieeot Lightikg. See “Photometry and 
Illumination,” § (71). 

Indoor Lighting. See “ Photometry and 
Illumination,” § (71). 

Indhotion Coil ; an open-core, high-tension 
static transformer with independent inter- 
rupter. See “ Radiology,” § (16). 
Infba-rbd, wave-length measurements in the. 
See “ Wave-lengths, The Measurement of,” 
§(7). 

INFRA-RED TRANSMISSION AND RE- 
FRACTION DATA ON STANDARD 
LENS AND PRISM MATERIAL ^ 

§ (1) Introdhotion.^ — ^This paper gives exact 
data on the spectral transparency and, in 
particular, the refraotivity of materials which 
are useful for prisms and lenses for speotro- 
radiometers. 

The data on refractive indices were taken 
from smdoth curves drawn through values 
which were collected from various sources 
and reduced to a common temperature. 

It is important, especially in work of the 
liighest precision - (such as, for example, the 
determination of the constant of spectral 

Lord Rayleigh, Phil. Mag., 1917, xxxiii. 161. 

* H. A. Miers, Mineralogy, 1902, 259, 260 ; F. E. 
Wright, Journ. Washington Acad, of Sr.., 1914, iv. 
389 ; is. S. Larsen, U.S. Oeol. Survey, Bulletin 679, 
1921. 

“ With special reference to Infra-red Speetro- 
racliometry. 

* References are given in a classified bibliography 
at the end of this paper. 


radiation), to use the most precise instruments 
and optical data available. It is therefore 
relevant to discuss very briefly some recent 
designs of optical instruments suitable for 
spectroradiometry. 

The pioneering investigation of the infra-red 
refractive indices of a substance dates back 
to 1886 when Langley determined the disper- 
sion of rock salt to about 5/i. In these deter- 
minations a spectrometer having an image- 
forming mirror of long focal length was used. 
In subsequent determinations of the refractive 
indices of rock salt and of fluorite, the image- 
forming mirror of the spectrometer used by 
Langley had a focal length of 4 to 4-7 metres. 
The apparatus was in a large enclosure which 
could be maintained at a constant temperature. 
Langley (19) was therefore justified in calling 
attention to the very high precision attainable, 
“ owing, if to no other reason, to the far 
greater size of the apparatus employed, 
where size is a most important element of 
accuracy.” Other experimenters (20, 23, 

24), using his methods but having spectro- 
meter mirrors of only about one-twelfth the 
focal length, have attempted to produce 
similar data which, unfortunately, have been 
given the widest recognition in tables of 
physical constants. These published results, 
especially the older ones, have been very 
confusing to the writer who, for some years, 
has been confronted with the task of obtaining 
reliable refractive indices. 

The recent measurements on rock salt (26) 
and on fluorite (28) by Paschen, when corrected 
for temperature (33, 34), are in agreement 
with Langley’s (19) measurements. The 
numerical values, given in the present paper, 
have been adopted after a careful study of 
all the data available. 

§ (2) The Sp.ectrobadiometer. — For 
measuring thermal radiation intensities in the 
ultra-violet part of the spectrum one may 
use a spectrometer having achromatic lenses 
of quartz-fluorite. However, the scarcity of 
clear fluorite for large - sized lenses makes 
such apparatus very expensive. 

Pfluger (1) used simple lenses of fluorite 
4 cm. in diameter (32 cm. focal length) and a 
fluorite prism. . An inexpensive spectroradio- 
meter of high hght-gathering power was made 
by Coblentz (2) by using simple plano-convex 
lenses (6 cm. in diameter and 20 cm. focal 
length) and a prism of quartz. Pfund (5) 
has described similar apparatus in which the 
radiometer is kept in focus automatically in 
different parts of the spectrum. 

The apparatus may be designed also as an 
illuminator for separatmg the visible from the 
ultra-violet of, for example, the sun or a 
quartz mercury vapour lamp (4). 

For spectroradiometric measurements in the 
visible spectrum and the infra-red to about 
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0-8, « we can use a spectrometer with visually 
achromatised lenses of glass. Here, also, it is 
desirable to use apparatus having a high 
light-gathering power, such as one obtains 
with lenses 6 cm. in diameter and 20 cm. 
focal length (2, 3, 4). 

A common property of all metals is a low 
reflectivity in the ultra - violet and in the 
violet-blue part of the visible spectrum {15, 
16, 17). Furthermore, the spectral reflect- 
ivity in the short wave-length is greatly 
reduced on tarnishing of the metal. Hence 
concave mirrors of metals have never been 
used extensively for spectroradiometrio 
measurements in the visible and in the ultra- 
violet spectrum. 

Because of the lack of achromatism (and 
the opacity of the material) lenses of glass, 
quartz, fluorite, etc., achromatised for the 
visible spectrum, have not boon used exten- 
sively in infra-red spectroradiometrio work. 


by Paschcn (29), and liy Coblontz (39), who 
gives also the numerical factors for eliminating 
the absorption in a wedge of quartz. 

It is beyond the scope of this paper to 
discuss the construction and operation of the 
instruments (bolometers, thermopiles, etc.) 
used for measuring the thermal radiation 
intensities. References are given in the 
appended Bibliography (10) on “ Radiometers.” 

§ (3) SrKCTKOMKTBE Calibuation.— In most 
spectroradiomotric work it is necessary to know 
the wave-lengths at which the thermal radia- 
tion intensities are measured. In the visible 
spectrum it is an easy matter to note the 
spectrometer settings for the omission lines 
of some source {e.g, the mercury arc or 
helium gas in a Pliickor tube), the wave- 
lengths of whoso emission linos are known. 
Similarly m the ulti.-a - violet the emission 
linos of mercury, cadmium, zinc, etc., may bo 
noted with a fluorescent canary glass screen, 



Lehmann (46) has described an infra-rod 
spectrograph achromatised for X=0'689p, and 
X= 1-529/^. 

A concave mirror is aoliromatio (also 
astigmatic) and hence spectrometers with 
oolUmating and image - forming mirrors, 
instead of lenses, have boon used almost 
exclusively for infra-red spectral radiation 
intensity measurements. In the infra-red 
spectrum beyond 2^^ most of the metals 
have a very high reflecting power (90 to 
98 per cent), and concave metal mirrors, or 
metal-on-glass mirrors are, therefore, especially 
useful for infra-rod investigations. 

Recent designs of spectrometers having 
collimating and image - forming mirrors are 
described in papers by Coblontz (0) and by 
Gorton (9). Vacuum spectrometers have 
been described and used by Trowbridge (7) 
and by McCauley (8). 

In order to obtain • the spectral energy 
distribution of an inoandesoent substance it 
is necessary to correct the observations for 
absorption of radiation by the mirrors and by 
the prism. The proper formula for eliminat- 
ing the absorption in a wedge is given 


or radiometrioally with a thermopile (1) or 
bolometer. 

The spoctroraoter circle may bo calibrated 
for wave-lengths in the infra-red spectrum to 
1/a by noting the omission linos (12) of sodium 
and potassium in a carbon arc ; also the omis- 
sion Imos of a quartz mercury vapour lamp 
and helium in a vacuum tube, 

Beyond 2/x,, whore the omission lines are 
usually weak (except the strong emission 
band of carbon dioxide at 4-4^ in the bunsen 
flame) one oan calibrate the prism by noting 
sharp absorption bands (13, 14) sueh as, 
for example, the bands of sylvito, KCl, 
illustrated in Fig. 1. 

For work requiring great accuracy the 
proper method of calibration is by calculating 
the minimum deviation settings for different 
wavo-longths, using tho refractive indices and 
the angle of tho prism. For this purpose the 
yellow sodium lines, or, bettor, the yellow 
helium lino, X!=0'5876/x., is used as a reference 
point on the spootrometor oirolo. The mini- 
mum. deviation settings for tho various infra- 
red wave-lengths arc computed from the 
corresponding rofraotivo indices, and referred 
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to the yellow helium hue as a basis. After 
this the bolometer or thermopile is adjusted 
upon the yellow helium line, then on rotating 
the spectrometer through a certain angle, 
say 2°, the corresponding wave-length is, 
say, 6^, while a rotation of 4° places the 
bolometer at about 8-1/j. in the spectrum of a 
60° fluorite prism ((6), p. 49). 

Elimination of Scattered Radiation in Spec- 
tral Energy Measurements. — In the design of 
optical instruments there are opportunities 
for great improvement in this respect. Take, 
for example, the image-forming telescope of 
a spectrometer. The telescope tube should 
be large and suitably diaphragmed so that 
when the violet end of the spectrum is incident 
upon the radiometer receiver the infra - red 
end of the spectrum cannot be reflected from 
the side of the tube and impinge upon tlie 
receiver. Furthermore, the bevelled edges of 
the exit sUts of the spectrometer should face 
outwards (18) instead of facing the image- 
forming lens, as obtains in commercial instru- 
ments. 

By using suitably constructed optical in- 
struments the scattered radiation is practically 
eliminated. What little remains may be 
obviated by using, before the entrance slit of 
the spectrometer, a shutter (22, 5, 18), which 
is opaque to the region of the spectrum under 
investigation, but which transmits the scattered 
radiations. In this manner the scattered 
radiations are incident upon the radiometer 
all the time and, hence, do not affect the 
energy measurements. Using a spectrometer 
which is provided with slits and diaphragms, 
as just mentioned, it has been found (4) 
that the scattered radiation was immeasur- 
able in comparison with the intensities under 
investigation. 

§ (4) Optical Constants of Glass. — In the 
ultra - violet end of the spectrum ordinary 
crown glass is transparent to about 0-3^, 
while the flint-silicate glasses absorb strongly 
throughout the blue and violet end of the 
spectrum. 

In the infra-red spectrum all glasses (38, 
40) begin to absorb at about 2fi, and for a 
thickness of 1 cm. they are practically opaque 
to radiations of wave-length greater than 3 /a. 
Glasses containing traces of iron impurities 
have an absorption band at l/i. 

The refractive indices of various glasses 
have been determined by Rubens (20). He 
determined the refractive indices also of water, 
xylol, benzol, etc. However, in view of the 
fact that the refractive indices depend upon 
the composition of the glass, no refraction 
data are given in this paper. Practically no 
infra-red work is being done with glass prisms. 

§ (6) Optical Constants of Carbon Disttl- 
PHtDBJ. — Carbon disulphide is quite transparent 
in the infra-red. In the region to 3/i Rubens (20) 


found an absorption of only 5 to 7 per cent for 
a 1 cm. thickness. Beyond 4/(, there are a 
number of very large absorption bands (36). 

As illustrated in Fig. 3, carbon disulphide 
has a very much larger dispersion than quartz, 
etc., in the region of 0-5 to 2/i, and hence is 
especially adapted for certain fields of spectro- 
radiometry. 

The infra-red refractive indices of carbon 
disulphide were determined by Rubens (20). 
Those in the visible and in the ultra-violet 
were determined by Platow (32). Rubens’s 
values of the infra-red refractive indices are 
given in Table I. 

Table I 


Indices of Refraction of Carbon Disulphide 
IN Air at 16° C. (Rubens) 


Wave-lengths. 
n. = 0-001 ram. 

Refractive 
Index, n. 

Log n. 

0-434, a 

1-6784 

•2248956 

0-485 

1-6660 

•2187980 

0-590 

1-6307 

•2123741 

0-660 

1-6217 

•2099706 

0-777 

1-6104 

•2069338 

0-823 

1-6077 

•2062050 

0-873 

1-6049 

•2054480 

0-931 

1-6025 

•2047980 

0-999 

1-6000 

•2041200 

1-073 

1-5978 

■-2036224 

1-164 

1-6960 

•2030329 

1-270 

1-6940 

-2024883- 

1-396 

1-6923 

•2020249 

1-652 

1-6906 

•2016337 

1-745 

1-6888 

•2010092 

1-998/1 

1-6872 

•2006317 


§ (6) Optical Constants of Quartz. — 
Quartz is one of the most useful materials for 
prisms. It is extremely transparent to ultra- 
violet radiations. Pfliiger (41) found a trans- 
mission of 94 per cent at 0-222/t and 67 per 
cent at 0-186/i, for a sample of crystalline 
quartz 1 cm. in thickness. Some samples of 
amorphous quartz have been found to be 
more opaque than crystalline quartz ; but 
this may be the result of contamination in 
melting. 

The infra-red transmission of quartz has 
been determined by various observers. A 
characteristic absorption band occurs at about 
2-95/a. a sample 1 cm. in thickness is prac- 
tically opaque (38) to radiations of wave- 
length greater than 4/a (see Fig. 1). 

The absorption, reflection, and dispersion 
constants of quartz are given in a paper by 
Coblentz (39), who determined the trans- 
mission of samples 3 cm. in thickness. The 
paper gives also factors for eliminating the 
absorption in a quartz prism. 

In the short wave-lengths the refractive 
indices of quartz have been determined by 
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Martens (31). In the infra-red there are 
important determinations by Rubens (21, 23), 
Carvallo (35), and Paschen (27). Carvallo’s 
data extend to 2'2/x, and in the region of 1-45 
to l-S/j. they are slightly lower (by several 
units in the 5th decimal place) than three 
determinations made by Paschen. In tins 
region of the spectrum the data must there- 
fore be considered uncertain with the doubt 
in favour of Carvallo’s data. This uncertainty 
affects Warburg’s (43) determination of the 
spectral radiation constant by perhaps 0-2 to 
0-4 per cent. 

The refractive indices (ordinaiy ray) of 
quartz at 18° C. are given in Table II. They 
are taken from a graph of sufficient size to 
permit reading the data to 1 or 2 units in the 
fifth decimal place. In many cases the values 
agree exactly with Carvallo’s measurements. 
Paschen’s data may be recognised by the fact 
that his wave-lengths are given to the fifth 
decimal place. 

§ (7) Optioal Constants os’ Fluoiutb. — 
Fluorite is very transparent to radiations of 
wave-lengths extending from Q'2/m to 10/u. (see 
Fig. 1). Pfliiger (41) found a transmission of 
86 per cent at 0 23/u. and 70 ]3or cent at 0-180/r, 
for a sample 1 cm. in thickness. Lyman (42) 
examined fluorites from various sources, and 
of various colours, and found that they are 
opaque to radiation of wave-lengths loss than 
about 0-12/x. Coblontz (38) examined green 
fluorites with a view of determining their 
suitability for j^risms. Ho found numerous 
sharp absorption band.s, in the infra - rod, 
which would render such material unsuitable 
for prisms. 

The refractive indices of fluorite have boon 
determined by various observers (21, 23), 
and repeatedly by Pasohon (23, 24, 25, 28), 
Applying temperature coefficients of refrac- 
tion (33, 34), it is found that Pasohon’s 
determinations, especially the latest ones (28), 
which were obtainod with an imi)rovGd speotro- 
meter, coincide with the dispersion curve of 
fluorite determined, to 3‘6yu,, by Langley (10), 
Beyond 4/x the dispersion of fluorite is much 
larger than at 1-5 to 2/i, and there is bettor 
agreement among the various determinations 
of the refractive indices. Furthermore, slight 
deviations have less effect upon spectral radia- 
tion measurements. 

In Table III. the refractive indices of fluorite 
to are taken from the smooth curve 

published by Langley (19). In many cases 
Paschen’s original wave-lengths are retained. 
As already mentioned, the corresponding re- 
fractive indices, when corrected for tempera- 
ture of the prism, fall exactly upon Langley’s 
curve of refractive indices. 

Beyond 3-5/a the refractive indices ai'e taken 
from the smooth curve (extended from 3/a) 
through the various determinations of Paschen 


Taui.!-; 11 


InDICKS op llEPBACTlON OP QCAUTZ JN AlE 
AT 18° C. (Caevallo, J’AseirjJN) 


Wave-lengths, 
ju. = 0-001 nun. 

Itefriictive 
Index, n. 

Log n. 

0-64COO/A 

1-64017 

•1892673 

0-58768 

1 -64430 

•1887317 

0-68932 

1 -64424 

•1887148 

0-61677 

1-64323 

•1884300 

0-66784 

1-64164 

•1879648 

0-6731 

1-64139 

•1879120 

0-6960 

1-64078 

•1877407 

0-70064 

1-64048 

•1876601 

0-72817 

1-63996 

•1876000 

0-7711 

1-63896 

•1872245 

0-8007 

1-63834 

•1870623 

0-8326 

1-63773 

•1808801 

0-84467 

1-63762 

•1868208 

0-8671 

1-63712 

•1867078 

0-9047 

1-63649 

•1866298 

0-9400 

1-63683 

•1863432 

0-9914 

1-6.3614 

•1801480 

1-01406 

1-63480 

•1860406 

1-0417 

1-63442 

•1869443 

1-08304 

1-63390 

•1867070 

1-0973 

1-63306 

•1867291 

1-12882 

1-63328 

•1860214 

1-1692 

1-63283 

•1854940 

M7804 

1-63203 

•1864373 

1-2288 

1-63192 

•1862361 

1-3070 

1-63090 

■1840408 

1-3196 

1-63070 

•1849071 

1-.3086 

1-6.3011 

•184722B 

1-.3968 

1-62977 

•1846162 

1-4219 

1-62942 

•1846268 

1-47330 

1-62879 

•1843478 

1-4792 

1 -62806 

•1843081 

1-4972 

1 -6284.3 

•1842427 

1-62901 

1 -62800 

•18412,34 

1 -6414 

1 -62782 

•1840722 

1-6087 

1-62087 

•1837021 

1-0146 

1-62680 

•1837822 

1-6816 

1-62586 

•1836118 

1 -7487 

1-62486 

•1832300 

1-70796 

■ 1-62462 

•1831016 

1-8487 

1-62336 

•1827007 

1-9467 

1-62184 

•1H2;!0(K) 

2-0631 

1-62006 

■181867Q 

2-06262 

1-6J991 

•1818178 

2-1719 

1-61790 

•1812689 

2-36728 

1-61440 

■ 1802604 

2-3840 

1-61400 

•1801269 

2-4810 

1-61200 

•1706618 

2-676 

1 -61100 

•1792045 

2-66194 

1 -60824 


2-79927 

1-60474 

•1774014 

3-09393/a 

1 -49703 



(26) and Rubens (20). All those data are 
reduced to 20° 0. 

Langley’s data are referred to the “ A line,’* 
0-7604/a. The most convenient reference 
point for adjusting a spectroradiomoter in the 
spectrum is the yellow helium line,X ™ 0-58768/a. 
Until recently, when Pasohon (28) dotorrainod 
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Table III 

Indices oe Redaction oe Fluorite in Air at 
20° C. (Langley, Paschen, Bubenb) 


Wave-length. 

Refractive ’ 
Index, n. 

' Log n. 

0-48615/iHj3 

1-43704 

•1574695 

0-687.58 He 

1-43388 

•1665120 

0-58932 Na 

1-43384 

•1564996 

0-66030 Ha 

1-43249 

•1560916 

0-68671 

1-43200 

•1569430 

0-72818 He 

1-43143 

•1567601 

0-76653 K 

1-43093 

•1566184 

0-S8400 

1-42980 

•1562753 

1-0140 Hg 

1-42884 

•1649835 

1-08304 He 

1-42843 

•1648689 

1-1000 

1-42834 

•1548316 

1-1786 

1-42789 

•1646948 

1-260 

1-42752 

•1645822 

1-37.56 

1-42689 

•1643905 

1-4733 

1-42642 

•1542474 

1-6715 

1-42596 

•1541073 

1-6.50 

1-42568 

•1639916 

1-7680 

1-42502 

-1538210 

1-8400 

1-42468 

•1637173 

1-8088 He 

1-42454 

•1536747 

1-900 

1-42439 

•1636274 

1-9153 

1-42431 

•1536046 

1-9044 

1-42407 

•1536313 

2-0.582 He 

1-42360 

•16.33880 

2-0620 

1-42357 

•1533789 

2-1608 

1-42306 

•1532232 

2-260 

1-42258 

•1530766 

2-3573 

1-42198 

•1528936 

2-450 

1-42143 

•1527255 

2-6537 

1-42080 

i -1526329 

2-6519 

1-42018 

•1523460 

2-700 

1-41988 

•1522517 

2-750 

1-41956 

•1521638 

2-800 

1-41923 

1 -1520628 

2-850 

1-41890 

•1519518 

2-9466 

1-41823 

1 -1517467 

3-0500 

1-41760 

•1616231 

3-0980 

1-41714 

‘ -1514128 

3-2413 

1-41610 

•1510939 

3-4000 

1-41487 - 

•1507134 

3-5359 

1-41376 

•1503788 

3-8306 

1-41119 

•1495856 

4-000 

1-40963 

•1491051 

4-1262 

1-40837 

•1487476 

4-2600 

1-40722 

•1483620 

4-4000 

1-40568 

•1478864 

4-6000 

1-40367 

•1472341 

4-7146 

1-40233 

•1468502 

4-8000 

1-40130 

•1465311 

5-000 

1 -39908 

•1458426 

5-3036 

1-39522 

•1446427 

5-8932 

1-38712 

•1421141 

6-4826 

1-37824 

•1393312 

7-0718 

1-36805 

•1361020 

7-6612 

1-35675 

•1324998 

8-2505 

1-34440 

•1286290 

8-8398 

1-33075 

•1240966 

9-4291/1 

1-31606 

•1192724 


the refractive index of this line, there has been 
some uncertainty in infra-red spectral radia- 


tion measurements (44) requiring the highest 
accuracy. An error of 5" (or n=3 x 10“®) in 
the determination of this refractive index 
affects the constant of spectral radiation by 
0-3 per cent. 

The dispersion curve of ftuorite is illustrated 
in Figs. 2 and 3 (from Rubens). 

In the inf ra-red the variation of the refractive 

n 



I 1 I - I - - I I I I I I . X 

O SfJ. ^0/l 15/C 20jx 

Fig. 2. 


index of fluorite (34) with temperature de- 
creases slowly with wave-lengths. At l/i the 
coefflcient of variation amounts to about 
A7 i= 0-000012 and at (5-5^ it amounts to about 
Aw =0-000009 for 1° rise in temperature. 



Fig. 3. 


§ (8) Optical Constaitts op Rook Salt. — 
Rock salt is ^uniformly transparent from O-2/i 
in the extreme ultra-violet (41) to 12/i in the 
infra-red (23) (see Fig. 1). In the region of 
15/1 the absorption increases rapidly. A plate 
of rock salt 1 cm. in thickness is completely 
opaque (22) to radiation of wave - lengths 
greater than 20/j.. The refractive indices of 
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rock salt have been determined in the short 
■wave-lengths by Martens (30, 31), and in the 
infra-red by Langley (19), by Rubens (21, 22), 
and by Paschen (26). In the region of 1 to 
3/m, there is considerable disagreement among 
the older determinations. However, the re- 
cent work of Paschen (26) is in excellent 
agreement with Langley’s measurements, 
which are, without doubt, very accurately 
determined. 

The infra-red refractive indices of rock salt, 
at 20°, are given in Table IV. The first part 
of the table, to 5/1,, consists principally of 
Langley’s (and Paschen’s corrected for tem- 
perature) measurements as read from the 
smooth curve ((19), p. 235, Plate XXIX.). 
Beyond 5jm,, to 16/x, the refractive indices are 
principally Paschon’s measurements corrected 
for temperature (34) ; also some of Rubens’s 
measurements and several interpolated values. 

The temperature coefficient of refraction 
of rook salt (19, 33, 34) decreases slowly 
with wave - length ; amounting to about 
An — 0-000038 at 1/j, and A«= 0-000025 at 
9/x for 1° rise in temperature. 

The general outline of the dispersion curve 
of rock salt is illustrated in Fig. 2 (from 
Rubens). 

§.(9) Omioal Constants ot- Sylvitic, — Of 
all the substances which are otherwise suit- 
able for prisms, sylvito, KCl, is transparent 
throughout the greatest part of the infra-red 
spectrum. A plate 1 cm. in thickness trans- 
mits (22) radiations to 24/1 (see Fig. 1). In 
the region of 5/1 to 10/4 the dispersion is 
small. Furthermore, there are sharp absorp- 
tion (11, 13) bands at 3-18/4 and 7-08/4. 
Hence sylvito is the most useful for investiga- 
tions in the region of the spectrum extending 
from 10 to 20/4. 

In the short wave - lengths the refractive 
indices of sylvite have' been determined by 
Martens (31). In the infra-red wo have 
various determinations by Rubens (22) (with 
Nichols and with Trowbridge), by Trow- 
bridge (46), and by Paschen (20). 

The infra-red refractive indices of sylvito 
are given in Table V. They are road from 
a smooth curve (practically Pasohen’s curve) 
drawn through the various determinations, 
all of which are in close agreement, except at 
9 to 11/4, where the older determinations do 
not agree very well with Paschen’s data. 

The temperature coefficient of refraction of 
sylvite observed by Liobreich (34) decreases 
from 

An =0-0000364 at X = 0-689/4 to 
An=0-000031 at X = 8-86/4. 

§ (10) Summary : Oomtaeison of Dis- 
persive Materials. — In Fig. 3 is given the 
width that a radiometer receiver, of 4' of arc, 
subtends in wave-lengths, in different parts of 


Taulk IV 

Indices of Refraction of Rook Salt in Air 
AT 20 ° C. (Langley, PasoiiUn, Rurens) 


Wnvo-len(?tlL 
/ 4 =« 0-001 iinii. 

llefmc'tivo 
Index, n. 

Log n. 


1 -64427 

-1887232 


1-64141 

-1879182 

0-0874 

1-03930 

-1873233 

0-7004 

1 - 5.3082 

-1800230 


1-63007 

-1804110 

0-8836 

] -53396 

•1868112 


1-63301 

•1867149 

0-9724 

1 -63263 

•1864090 


1-63200 

•1862768 


1-63163 

•1861266 


1-63123 

• 1860<(04 

1-1068 

1-63098 

•1849096 

1-1420 

1-63003 

•1848702 

1-1780 

1-63031 

•1847794 

1-2010 

1-63014 

•1847312 


1-62971 

•1840091 


l - 629 : i 7 

•1846120 


1-62846 

•1842612 


1-62816 

•1841000 


1-62781 

•1840093 


1-62704 

•1840238 


1-62730 

•1839414 

2 - 07:10 

1 •62649 

•1880900 

2-1824 

1-52021 

•1830142 

2-2404 

1-62000 

•1836710 

2-3600 

1-62679 

•1834947 

2-0606 

1-62612 

•1833040 

2-0400 

1-62400 

•1831730 

3-2730 

1-52371 

•1829024 

3-6369 

1-62312 

•1827341 

3-0288 

1-62280 

• 182(1000 

3-8192 

1-62238 

•1826231 

4-1230 

1-62160 

■1822891 

4-7120 

1-61979 

•1817830 

6-0002 

1-61883 

•1816092 

6-3009 

1-61790 

•1812432 

0-8932 

1-61593 

•1800792 

0-4826 

1-61347 

•1799738 

0-80 

1-61300 

•1796518 

7-0718 

1 - 6109.3 

•1792443 

7-22 

1-61020 

•1790346 

7-69 

1-60866 

•1786697 

7-0011 

1-60822 

•1784047 

7-9668 

1-60006 

■1780124 

8-04 

1-0004 

•1770403 

8-8398 

1-60192 

•1700408 


1-60100 

•1703807 

9-60 

1-49980 

•1700333 

10-0184 

1-49402 

•1746308 

11-7804 

1-48171 

•1707032 

12-60 

1-47608 

•1089922 


1-47100 

•1077898 


1 -4600 

■1063117 

14-1430 

1-40044 

•1044837 

14-7330 

1-46427 

•1020460 

16-3223 

1 -44743 

•1606970 

16-9116 

] -44090 

• 16803:18 


1-4149 

•1607267 

20-67 

1-3736 

•1378287 

22 - 3/4 

1 -3403 

■1272020 
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the spectram produced by prisms of carbon 
disulphide, quartz fluorite, and rock salt. 
These data are required for reducing the 
spectral energy distribution from the prismatic 
into the normal spectrum (6). 

Table V 


Indices oe Refraction of Sylvite in Am at 
16° C. (Paschen, Trowbridge, Rubens) 


Wave-iength. 
^=0-001 mm. 

Refractive 
Index, n. 

Log SI. 

0-5893/a 

1-49044 

•1733146 

0-G5G 

1-48721 

•1723723 

0-7868 

1-48328 

•1712232 

0-846 

1 -48230 

•1709301 

0-884 

1-48142 

1706782 

0-9822 

1-48008 

•1702862 

1-003 

1-47986 

•1702177 

1-1786 

1-47831 

•1697656 

1-684 

1-4765 

•1692336 

1-7080 

1-47696 

•1690717 

2-3673 

1-47475 

•1687184 

2-9400 

1-47388 

■1684621 

3-5369 

1-47305 

•1082164 

4-125 

1-47215 

•1679521 

4-7146 

1-47112 

•1676481 

6-30.39 

1-47001 

•1673202 

6-60 

1-46962 

•1672060 

6-8932 

1-46880 

•1669627 

6-60 

1-46760 

•1666781 

7-00 

1-46626 

•1662080 

7 001 

1-46460 

•1656894 

8-00 

1-46360 

•1663927 

8-2606 

1-46272 

•1661642 

8-8398 

1-46086 

•1646086 

9-600 

1-46867 

•1639273 

10-0184 

1-46672 

•1633760 

10-600 

1-46476 

•1627883 

11-00 

1-46263 

•1621660 

11-786 

1-44919 

•1611263 

12-60 

1-44670 

•1600782 

12-965 

1-44346 

•1694048 

14-144 

1-43722 

•1676232 

16-00 

1-4320 

•1659430 

16-912 

1-42617 

•1641713 

16-60 

1-42230 

•1629912 

17-00 

1-41886 

•1619366 

17-680 

1-41403 

•1604686 

18-10 

1-4108 

1494666 

19-00 

1-4031 

•1470886 

20-00 

1-3939 

•1442316 

20-60 

1-3882 

•1424620 

22-6/a 

1-3692 

•1364669 


From these curves it is evident that, in the 
region of 0-6 to 1-5^, a carbon disulphide 
prism is the most useful for producing a large 
dispersion. 

The next best prism material is quartz, 
which is the most useful in the region of the 
spectrum extending from the visible to 2-8/x 
in the infra-red. Beyond this point a quartz 
prism is too opaque for practical work. 


From the standpoint of dispersion and 
transparency, a fluorite prism is the most 
useful in the region of 2^ to 9p,. However, 
the material is difficult to obtain, and the next 
best substance is rock salt, which permits 
measurements to 14/a when using a 60° prism, 
and to 16/a when using a 30° prism. By 
enclosing the spectrometer (14) and by keeping 
the prism covered when not in use, the faces 
of a rock-salt prism are easily protected from 
moisture. 

There are few but sylvite prisma in existence, 
and their usefulness is confined to that part 
of the spectrum extending from 10 to 20/a. 
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Instruments, Chieit Musical, Compasses op. 
See “ Sound,” § (25). 

Integbatinq Hemisphere Photometer. See 
“ Photometry and Illumination,” § (120). 

Integrating Photometers : devices for ob- 
taining the average candlo-power of a light 
source by means of a single measurement. 
See “ Photometry and Illummation,” § (45) 
et aqq. 

Intensity op a Spectrum, Estimation op 
THE. See “ Spectroscopy, Modem,” § (4). 

Intensity op X-rays, cliemioal methods of 
measuring. See “ Radiology,” § (26). 
Fluoresoenco methods of measuring. See 
ibid. § (26). 

Ionisation methods of measuring. See ibid. 
§ (26). 

Methods of measuring. See ibid, § (26). 
Photographic methods of measuring. See 
ibid. § (25). 

Intbboardinal Rolling Error. See “ Navi- 
gation and Navigational Instruments,” § (13) 
(ii.). 

Interferometer, Lummer and Gbhrokb. 

See “ Light, Intorforenoo of,” § (11). 
Interferometer, Michelson’s. See “ Light, 
Intorforenoo of,” § (9). 

Twyman’s modification for optical testing. 
See “ Intorforomoters, Technical Aiiplioa- 
tions,” § (6). 

Interferometer Methods for the Deter- 
mination op Standard Wave-lengths. 
See “ Wave-lengths, The Measurement of,” 
§ (3). 

INTERFEROMETERS : TECHNICAL 
APPLICATIONS 

I. Tntebperence Fringes 

§ (1) Introductory, — In utilising interference 
methods in Optical Test work we are always 
concerned with nearly parallel plates, or with 
arrangements which aro optically equivalent 
to them. The character of tho interference 
fringes obtainable from such plates depends on 


the method of illumination and tho metliod 
of observation. They can conveniently be 
divided into three classes. 

Class I. — If a plate is illuminated by a 
broad source of light ^ and is viewed by the 
naked eye from a convenient distance, tho 
rays which reach the eye from difierent points 
of the plate aro reflected from the surfaces of 
tho latter at different angles. The path 
difference between tho rays reflected from 
the tAvo surfaces at any point = 2(j.t cos r, 
where r is the angle of incidence on the back 
surface, p. the refractive, index, and t tho 
thickness of tho plate. For a complete treat- 
ment of the fringes produced under such 
circumstances tho reader should consult 
Mann’s Manual of Adwmeed Optics or 
Miohelson (Phil. Maq., 1898). For our present 
purpose it is sufficient to note that the 
fringes will bo tho loci of points for whicli 
2/iicosr is constant, and therefore indicate 
variations of p, t, or r jointly or separately. 
If t is very small, t.e. for extremely iliin lilra.s, 
the variation of phase duo to tho variation 
of r at different points of tho film may bo 
negligible, so that if tlie optical thickness pt 
is uniform the film Avill appear uniformly 
dark or bright all over. If either p or t vary, 
fringes Avill bo scon which are the loci of equal 
optical tliioknoss. 

If tho thickness is apprcoialile, however, the 
variation of phase duo to tho vaiying angle 
of inoidonoo becomes of importance, and for 
any hut quite thin ifiatcs tlvo fringes aro 
practically loci of points from which tlio light 
reaching tho eye moots tho plate at equal 
angles of inoidonco. With a ])lanc parallel 
plato tlioy aro (urolos conoontrio with tho normal 
from tho eye to tho j)]ate and aro located at 
infinity. If tho surfaces are not ])arallol, the 
fringes are still oirolos or arcs of circles, but 
their centres aro displaced from the normal. 
If the surfaces are irregular, or if tho material 
of tho film is not perfectly homogeneous, so 
tliat from one or both of those causes there 
aro local variations of pt, tliero will bo looal 
distortion of tho circular fringes at those 
points. Such irregularities will only bo 
noticeable, howovor, near tlio centre of the 
system wliore tho fringes aro not too close 
together. With any but tho thinnest films 
tho fringes become so closely packed, as the 
incidence angle increases, that they are only 
visible in tho neighbourhood of normal 
incidence. 

To summarise, Miorefore, fringes of Class I. 
are formed in such circumstances that the 
light corresponding to each point in the 
fringe system reaches tho eye from separate 
points (or relatively small regions) of the 
film, and is reflected from tho latter at varying 

1 Except wlvore othorwlse spoclflod, the light la 
asBumod to bo inonoohromatlo. 
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angles. Except for extremely thin films, the 
fringes are mainly loci of equal incidence 
angles, being very slightly affected in shape 
and position by variations in film tliickness. 

CnASS II. — Instead of viewing the fringe 
system at infinity with the naked eye, as 
supposed in the preceding discussion, we may 
employ a telescope of large aperture focussed 
for infinity, so that for all parts of the field 
of Anew light from the Avhole surface of the 
film is received by the telescope. The fringes 
are then purely loci of equal inclination, and 
are unaffected in shape or position by varia- 
tions in the optical thickness of the film. Thus 
if the telescope is directed normally to the 
film, circular fringes concentric with the axis 
Avill be seen in the focal j^lane of the eye- 
piece. Since, at any point in this plane, light 
from the whole of the film is focussed, the 
phase at any such point depends on the mean 
film thickness and the angle of incidence of 
the beam. Any variations in film thickness 
contribute their effect equally to all points 
in the fringe system, which therefore indicates 
the inclination of the rays only, and tells us 
nothing about the flatness, homogeneity, or 
parallelism of the film. 

If, however, /xt varies much, the distinctness 
of the fringes will be impaired ; for we can 
regard the resultant illumination at the focal 
plane of the telescope in such a case as due 
to the superposition of a number of exactly 
similar fringe systems, of which some differ 
in phase from others. The result of this is 
to diminish the contrast hetiyeen the bright 
and dark parts of the field. 

Thus, to summarise, fringes of Class II. are 
formed when light corresponding to each 
point of the fringe system comes from the 
whole of the film (or from the same part of it), 
but meets it at varying angles of incidence. 
They are jiurely fringes of equal inclination. 
If they are crisp and distinct we deduce that 
the film is of fairly uniform optical thickness 
over the region utilised ; but no clue what- 
ever is given to the character or position of 
any variations which may actually be present. 

Cr.ASS III. — If we employ a point source at 
infinity, sucli, for example, as a small illu- 
minated pinhole at the focus of a collimating 
lens, all rays strike the film at the same angle 
of incidence. There are consequently no 
variations of phase from one part of the film 
to another except such as may be due to 
variations of fd. To observe a fringe system 
under such circumstances it is necessary to 
employ a telescope with the eyepiece removed. 
The object-glass collects the parallel beam 
after it leaves the film and produces an image 
of the pinhole in its focal plane. If the eye 
is placed at this image, the whole surface of 
the film (if the object-glass is large enough) 
is seen illuminated and traversed by fringes 


which are true contours of the optical thick- 
ness, fit. 

These fringes are not located at a definite 
distance from the eye, as are those of Classes 
I. and II. They are visible at all distances, 
and so appear to coincide with any surface on 
Avhich the eye is focussed.^ 

If the film is thick the fringes will he most 
distinct at perpendicular incidence. It is not 
practicable to use a theoretical point source : 
considerations of brightness require that the 
hole shall have an appreciable area, and its 
image in the focal plane of the telescope lens 
may.be regarded as a small portion of the 
Class II. fringe system produced by a broad 
source. If this portion is in the centre, where 
the phase Amries slowly with the angle of 
incidence, there will be no phase difference 
between the light from one part of the pin- 
hole and another ; but if, it is at an outer 
part of the system where the Class II. fringes 
are closely packed, the small cone of rays 
which reach the eye from any point of the 
film comprises an appreciable range of phase 
retardation, and the contour fringes are 
rendered indistinct. 

II. Technical Applications 

§ (2) Test Plates.® — The simplest application 
of interference fringes is the testing of optical 
surfaces by means of test plates. The surface 
under test is placed in contact Avith another 
surface which it ought to fit perfectly. This 
may either be plane, for prism surfaces, etc., 
or may be curved, for lens surfaces. A separate 
test plate is of course necessary for every 
curvature. The surface and test plate are 
worked together to squeeze out the air between 
them and obtain a very thin film. This is 
viewed by the light from a AAondow or bright 
AAmll. Fringes of Class I. are obtained, hence 
the necessity to work the film down as thin 
as possible in order that the fringes should 
truly represent film contour rather than 
variation of incidence angle. With white 
light the fringes are coloured owing to the 
variation of retardation with Avave-length. If 
the surfaces are very close and quite parallel, 
the film will appear of a uniform colour, which 
Avill vary with the obliquity from which it is 
examined. Variations of thickness insufficient 
to produce a complete fringe will cause a 
variation of tint ; and if the general tint is 
yellow or bluish green, the two regions of the 
spectrum where tint varies most rapidly with 
wave-length, the test is very sensitive. It is 
usually possible to secure a sensitive tint by 
working the film and choosing a suitable 
obliquity. 

§ (3) CONSTANGY OE OpTIOAL ThTCKNESS OE 

^ Guild, “ Location of Interference Fringes,” PAj/s. 
Soc. Proc., 1920, xxxiii. 32. 

“ See also “ Optical Parts, Working of,” § (4). 
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Flat Discs. — This is a most important test. 
For many purposes, for instance in making 
echelon gratings, Lummer Gehrke plates, etc., 
it is essential to have plates of which the 
variations of optical thickness from one part 
to another are reduced to a very small amount 
indeed. 

The best known arrangement for testing 
such plates is shown in Fig. I (a). Light from 
a broad source S is thrown normally on the 
plate AB by a glass plate MM'. 

The fringes are observed by 
an eye at E. The fringes will 
be of Class I. and will be 
concentric circles located at 
infinity if the glass is nearly 
parallel. As we have seen, 
the form of these fringes does 
not at once tell us much about 
the variations of optical thick- 
ness. To determine this, the 
plate is moved parallel to 
itself. If the optical thickness 
is uniform, the fringes will 
not move ; but if it varies, a 
fringe will pass across any 
point, E' say, on the fixed 
support, for every half wave- 
length by which the optical 
thickness varies. By moving 
the plate in such a way that 
no fringes pass E', it is 
possible to trace out contour 
lines of equal optical path. 

If desired, a small telescope 
with cross-lines in the eye- 
piece may be used at E. 

This method is tedious and 
troublesome, since each con- 
tour line has to be traced 
separately by indirect rrieans. 

By a simple modification of 
the arrangement the plate can 
be examined by fringes of 
Class III., and the fringe 
system itself is then the con- 
tour map. A lens LL', Fig, 

I (6), is interposed between 
MM' and AB, and a point source (an illu- 
minated iitnhole) is placed at the focus of LL'. 
A parallel beam of rays meets the plate AB. 
It is reflected back through LL' and refocussed 
in the neighbourhood of S. Some light is 
reflected at the surfaces of MM' to fonn two 
images of the source at e and e'. MM' should 
be thick so as to separate e and e' as widely 
as possible. An eye placed at e or e' sees the 
plate AB traversed by interference fringes 
which are the required contours of equal 
optical thickness. 

For the reasons given earlier, the fringes 
will only be distinct with tliick plates provided 
the incidence is normal. The table on which 


AB rests should be provided with levelling 
screws. The normal adjustment is then easily 
made, because the retardation is a maximum 
in this position, and on altering the tilt the 
fringes will move towards a certain configura- 
tion and then retreat from it as tho perpen- 
dicular position is passed. 

Care must of course bo taken to ensure that 
tho light is properly collimated. This is done 
by adjusting so that tho reflected imago. 



Saah reading 


Fia. 1, 


when formed just beside 8, is in sharp 
focus. 

When a suitable source of monocliromatio 
light is used ^ plates of over an inch thick may 
be examined in this way. 

§ (4) CoNTOUK Maps oir Fi.at Sohfaoes. — 
The same apparatus affords a very convenient 
means of determining tho contour maps of 
surfaces which are intended to bo flat. Tho 
customary method of wf)rking tho surface 
into close contact with a tost plate and 
examining tho fringes with a broad source of 
light is unsatisfactory on various grounds. 
In tho first place, troubles sometimes arise, duo 
1 GuUd, Phys. Soc. Proo., 1920, xxxll. 3-11. 
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to the surfaces not being perfectly dry, in 
which case local patches of perfect blackness, 
due to absence of air film, may be formed. 
Further, it is possible, when two nearly flat 
surfaces are wrung together in this way, to 
squeeze out slight convexities and make the 
surface under test appear better than it really 
is. Lastly, in s])ite of the greatest care to 
exclude dust particles, it frequently happens 
that the surfaces get scratched in the process. 

It is on every ground more satisfactory to 
test the surfaces without putting them in 
contact at all. If the upper surface of the 
slab AB, Fig. 1 (c), is the surface to be tested, 
the test plate is mounted above it, with its 
standard face downward, supported on a 
suitable, carrier with three adjustment screws. 
It is clear that in general there will be four 
reflected beams, each of which will give rise 
to images of S in the neighbourhood of e and 
e'. If any two of the four surfaces are parallel 
the corresponding images will coincide. It is 
desirable that the test plate CD should be 
somewhat prismatic, so that the image from 
its upper surface may be out of the way. By 
means of the levelling screws the test plate 
is adjusted so that those images which are 
respectively duo to the upper surface of AB 
and the lower surface of CD coincide. If the 
eye is then placed at e or &' fringes are seen 
which are the loci of equal thickness of the 
air film. By carefully adjusting the test plate 
while watching the fringes, the latter can be 
broadened out until, if the film is perfectly 
parallel, a uniform illumination is obtained. 
•If the surfaces are not perfectly flat there 
will bo a position in which a minimum number 
of fringes appear, which form a contour map 
of the joint defects of the surfaces at all 
points. This is the best adjustment in order 
to see at a glance the general character of the 
contour ; but to make quantitative measure- 
ments it , is better to proceed indirectly and 
use a slightly wedge-shaped film such that the 
fringes are about a centimetre or so apart. A 
diametral scale, as, divided to | centimetres, 
should be drawn in ink on the surface of the 
teat plate, and also a line on the surface tmder 
test passing approximately through the centre, 
which should be marked by means of a dot. 
The lower block is then moved on the table 
until this line coincides with the line on the 
tost plate as seen by the eye at e. The position 
of the central dot on the scale is noted. The 
fringes are then adjusted until they run as 
nearly parallel to the scale as possible and 
are about a centimetre or so wide. The 
appearance of the field of view might then 
bo something like Fig. 1 (d). The most con- 
venient fringe, say F, may be taken as the 
datum of film thickness, and the thickness 
at different distances along the scale as may 
be specified by the distance of the scale from 


this datum fringe, as measured in fringe widths- 
For instance, with a configuration as dravm 
(if the thickness of the film is increasing from 
left to right) the excess of thickness above the 
datum is -4 at 3 on the scale, 1-05 at 4-5, 1-6 at 
6, 1-7 at 7, 1 at 10, B at 12, and so on. If 
these are plotted to a suitable scale, a contour 
line of the variations of film thickness along 
the Line ss is obtained {Fig. 1 (e)), the unit 
corresponding to one interference fringe, that 
is, to a difference in thickness of one | wave- 
length. 

The surface under test is then rotated until 
another line, making, say, 30° with the first, 
coincides with the scale on the test plate, 
and the contour along this line is determined 
in the same way. This is done for a number of 
radial lines and also for two non-radial lines 
intersecting the others as shown in Fig. 2 (a). 


e 



f (a) (6) 


Fig. 2. 

The non-radial contours give relations between 
second points on each of the radial contours, 
which enable us to alter the position and 
inclination of the base lines of the latter so 
as to make the contours mutually consistent. 
Thus wo may take the contour along ab as 
first obtained : the base lino for any other 
contour, such as cd, must be altered so that 
the ordinates corresponding to the common 
point 0 are equal, and also so that the ordinate 
at p differs from the ordinate of the ab contour 
at q by the amount indicated by the non- 
radial contour along ef. If now an outline 
of the surface is drawn on papier, and along 
each radial lino wo mark off the distances from 
0 at which the ordinates of the revised con- 
tours have particular values (differing, say, by 
iVth fringe), we obtain a contour map of the 
surface, such as Fig. 2 (b). It will bo observed 
that in the whole process wo are only concerned 
with the properties of the test plate along one 
bne 8S {Fig. 1 (d)), and the contour of the plate 
ajong this line is easily determined. If two 
other fairly good surfaces are available, by 
testing one line of each of those against the 
test plate and against each other, their con- 
tours and that of the test plate can be deduced. 
The method is thus absolute and no surface 
has to be taken for granted, 
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§ (5) Testing by Transmitted Light. — 
F. Twyman ^ has evolved an elegant method 
of testing prisms, lenses, and even complete 
optical instruments by intei-ference. The 
instrument employed is the -well-known Michel- 
son interferometer.'^ The general principles of 
this instrument are described in all text-books. 
It is only necessary to remind readers that 
the instrument is optically equivalent to two 
approximately parallel planes separated by 
an air film of a thickness which can be varied 
from zero to any desired value by 
moving one of the mirrors. This 3 
being so, we can obtain with the 
instrument fringes of any of the 
three classes previously described. 

The most suitable type to employ depends on 
the purpose in view. 

If a broad source is employed, and the 
fringes are viewed by the naked eye, fringes 
of Class I. will be obtained. If a telescope is 
employed the fringes will be of Class II. Those 
are the arrangements most commonly described 
in text-books and employed in the physical 
laboratory ; but they are quite unsuitable for 
optical testing. For this purpose fringes of 
Class III. are required, and the arrangement of 
the interferometer to give these is shown in 
Fig. 3 (a). Light from a suitable source S is 
focussed by means of a condensing lens on 
a small “ pinhole ” P which is at the focus 
of a lens Ij^. 'We have thus the equivalent 
of a. very small source at infinity. That 
portion of the parallel beam which is reflected 
by the half - silvered surface of the oblique 
plate m strikes the mirror normally, 
and returns along its o-wn path until it again 
meets the oblique plate. Here a portion is 
reflected back through L^ and refocussed at 
P, and a portion transmitted. The latter is 
focussed in an image of P at P' by a lens Lg. 
Similarly a portion of the beam, which is m the 
first instance transmitted by m, forms, after 
reflection by Mo and partial reflection at m, 
a second imago of P in the neighbourhood 
of P'. If the imago of by reflection in m 
is very nearly parallel to the two images 
at P' will coincide. An eye placed at P' 
■will then see interference fringes of Class III., 
which are the contour lines of the thickness 
of the “ air film ” to which the instrument 
is eqmvalent. If Mj is carefully adjusted 
while examining the fringes, they can bo 
broadened out until the air film is parallel, 
when, if the surfaces are perfectly flat, the 
film will appear of uniform brightness. If 
the surfaces are not perfectly flat (or, rather, 
if their irregularities are not exactly similar 
and similarly situated) the film can never 

* r. Twyman, PhU. May., Jan. 1018, p. 40; Photo- 
graphic Journal, Nov. 1918, p. 239; ami A sir ophm. 

1918, xlvlli. 260. 

“ See also “ Wave-lengths, Measurement of,’’ 8 (3). 


be cleared of fringes over its whole area, and 
the fringe system, when broadened out as 
much as possible, forms a contour map of the 
irregularities. 

It is clear, of course, that whether the fringes 
have been broadened out or not, they give 
precisely tho same information regarding the 
irregularities of tho film ; hut they are 



equivalent to tho contour map of a country 
based on a daium piano inclined to tho hori- 
zontal. If tho inclination were consiclorablo 
such a map would consist of closely packed, 
nearly straight lines parallel to the horizon, 
hills and valleys aj)pearing simply as slight 
bends in tho contours. Such a map would 
give nil tho information as to tho nature of 
the country that (!ould bo dodueod from an 
ordinary one ; but it is much leas easy to 
interpret its general appearance. Similarly, 
wbatovor tho adjustment of tho mirrors, the 
fringe system gives full information as to 
their departures from exact similarity of 
surface ; but it is usually convenient to 
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have the fringes as broad as possible in order 
to render them easily intorprctable. Some- 
times, however, an adjustment departing 
slightly from parallelisnr is helpful in deciding 
between two possible interpretations. 

In the interferometer, as used for optical 
testing, the mirror is mounted on a carriage 
which rests in a geometrical slide. By 
pulling one or other of two strings the mirror 
can bo moved nearer to or farther from the 
oblique plate without its inclination to the 
direction of the light being seriously altered. 
The mirror M, is arranged on a carriage which 
can rotate about a ]3oiut C. Each mirror is 
provided with delicate adjustment screws 
for final adjustment of the parallelism of the 
equivalent film. The mirroiB are worked to 
such accuracy that when used alone, as in 
Fig. 3 (a), a field free from fringes can be 
obtained. 

The method of testing an optical piece, 
such as a slab or a prism, of any optical 
instrument of which the focal length is infinite, 
consists in placing it in the beam mMa, and 
adjusting Mg to be perpendicular to the 
transmitted rays so that they are returned 
through the instrument and finally focussed 
at P'. The eye at P*” then sees the aperture 
of the instrument traversed by a fringe 
system which is the contour map of the 
wave front, originally plane, after passing 
twice through the instrument. The general 
method will bo fully understood from its 
application to a spectroscope prism. The 
prism is placed in the position indicated in 
Fig. 3 (6). That portioir of the beam which 
is transmitted by the prism is deviated in 
the direction shown. Mg is adjusted so as 
to reflect this beam bade through the prism, 
after which it is partially reflected by m 
and focussed at P'. The eye at P' then sees 
the effective aperture of the prism traversed 
by fringes which, when broarlened as much 
as possible, tell us horv a piano wave-front 
has been affected by the double passage 
through the prism. 

These defects of the wave-front may either 
bo due to imperfect planeness of the surfaces 
of the prism or to imperfect homogeneity 
of the glass, or to both causes. But to what- 
ever cause they may bo due, they can be 
corrected by local polishing of the surfaces. 
For instance, if the fringes show that the 
optical path through any part of the prism 
is longer than at others, by polishing a little 
hollow in the corresponding part of the 
surface the wave can be flattened out. In 
this way, by local polishing at the points 
indicated by the contour fringes, the prism 
can bo made to transmit a perfectly plane 
wave-front. But it should be noted that the 
correction only bolds when the light traverses 
the prism in the same way. The interference 


tests should always bo made, therefore, with the 
light passing through the prism in the direction 
which it will pass in use. Thus for a spectro- 
scope prism the prism should be adjusted for 
minimum deviation. 

In applying the interferometer to instru- 
ments of the lens typo which have not infinite 
focal length, the arrangement employed is 
that of Fig. 3 (c). 

The lens L is mounted in a suitable chuck, 
with its axis parallel to the incident beam. 
It causes the beam to converge toAvards its 
focus at F. A convex mirror Mg' is placed 
in the position shown, and adjusted so that 
its centre of curvature coincides with F. 
The converging rays then meet the surface 
of M^'' normally, and, after repassing through 
L, form a parallel beam once more, and are 
focussed at P' by L 2 as usual. If tho lens 
were free from si)herical aberration, so that 
rays from all zones converged to one focus, 
it would be possible to adjust Mg' so that tho 
aperture of the lens as seen by tho eye at P' 
would bo free from fringes. In the presence 
of aberration, however, tho different zones 
have different foci, and in whatever position 
may be there will be circular fringes in some 
zono, indicating tho amount of tho aberration. 
In tho event of the lens being astigmatic, the 
fringes will bo elliptical. 

This method has been extended by Twyman 
to quite complicated cases, such as photo- 
graphic lenses at oblique incidence, microscope 
objectives, etc. As applied to lenses, however, 
tho intorforonco method must bo regarded 
as still in tho course of development ; much 
has yet to bo done in designing the best 
mechanical means of realising tho necessary 
conditions of adjustment in order that the 
resulting fringe system will give the informa- 
tion which it is desired to obtain. There is, 
however, little doubt that tho use of inter- 
ferometer methods for the examination of 
almost every kind of special instinmont will 
ultimately be widely adopted. 

In employing tho interferometer for such 
purposes it is necessary, as with tho arrange- 
ments of Fig. 1 ((6) and (c)), to obtain exact 
colliraation and normal incidence of tho beam 
on tho equivalent filra.^ 

Inthbmittbnt Lights, Photometry ob. See 
“ Photometry and Illumination,” § (122). 
Ikternational Candle : tho unit of candle- 
power adopted in 1921 by the International 
Commission on Illumination. See “ Photo- 
metry and Illumination,” § (14). 
Interrutter : an apparatus for mechanic- 
ally interrupting tho primary current of an 
induction coil. See “ Radiology,” § (10). 

^ Oulld, “ Fringe Systems in IlneomiienHatecl Inter- 
terometers,” Proa. Phya. Hoc., 1020, xxxlii. 40. 
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Interval : a term used in music to denote 
the musical relation between two sounds. 
See “ Sound,” § (2). 

Intervals, Chief, within an Octave. See 
“ Sound,” § (6) (vi.). 

For various temperaments, tabulated. Sec 
ibid. § (6) (vi.). Table II. 

Intrinsic Brightness : a term used to denote 
the measure of the light-emissive power of a 
surface per unit of area of surface ; generally 
quoted in candle-power per square inch. 
See “ Projection Apparatus,” § (2). 

Invar: its applications to tapes and wires 
used for base measurements. See “ Survey- 


Jaderin, E. His method of using tapes and 
wires in catenary. See “ Surveying and 
Surveying Instruments,” § (39). 

Jellets’ Prism : a polarimetor which 
depends on the photometric principle of 


ing and Surveying Instruments,” § (39). See 
also “ Invar and Elinvar,” Vol. V. 

loHEOSlN : a reagent for testing glass surfaces. 
See “ Glass, Chemical Decomposition of,” 
§ (3) (i.). 

Iris : the diaphragm which limits the aperture 
of the eye. See “ Eye,” § (2). 

Irradiation: the term in radiometry which 
corresponds with illumination in photo- 
metry. See “ Spectrophotometry,” § (15). 

Iso-LHX Diagram : a diagram of equal 
illuminations, analogous to an isobar dia- 
gram. See “ Photometry and Illumina- 
tion,” § (69). 


matching two illuminated fields by varying 
their relative intensity. See “ Polari- 
metry,” § (3). 

JoLY Photometer. See ” Photometry and 
Illumination,” § (29). 


K 


K Series : a group of spectrum lines in the 
characteristic X-rays omitted by an element. 
See “ Radiology,” § (17). 

KINEMATOGRAPH 

§ (1) Introduction. — Although the name 
Idnematograph has been selected for the title 
of this section as being more in accordance 
with the Greek derivation, other terms such as 
cinematograph, or more briefly cinema, the 
first syllables of which are pronounced softly, 
have received greater public recognition. Over 
sixty designations have been introduced from 
time to time, but, with the exception of a few 
proprietary names, practically all have now 
lapsed in favour of those mentioned above. 

The liistory ^ of the highly perfect apparatus 
of the present day is a record of comparatively 
slow and intermittent progress during half a 
century, culminating in the introduction of the 
continuous photographic film by Frieso Greene 
in England and its perfection by Edison in 
America, and, in consequence, a rapid develop- 
ment of the apparatus as a moans of public 
entertainment and, to a more limited extent, 
of education. 

§ (2) General Description. — The primary 
function of the Idnematograph is to reproduce 
pictorially upon a screen the movements of 
objects. This is done by presenting to the 
eye in regular order a series of pictures each 
of which represents a consecutive stage in the 
motion, the speed of presentation being such 
* Living Pictures, Hopwood and Foster, 1915. 


that the oyo appreciates the series as a con- 
tinuous picture in which the objects may 
appear in motion. By moans of a special 
camera ® a series of instantaneous iihotographs 
of the moving object is taken, with oxiiosures of 
about iJir second, upon a sensitised trans- 
parent celluloid film which is atlvancod stage 
by stage in the focal ])lano of the objective at 
intervals of about '!’•« to Hooond. During the 
stationary iioriods the film is ox])osod and 
during the transitions the light is occulted by 
the shutter. Thus the series of photographs 
does not comprise the complete movement of 
the object. Shoi't alternate stages are un- 
represented. 

When the images arc projected upon the 
screen by moans of the kinomatograph pro- 
jector, a true representation of the original 
movement is obtained when the speed of the 
movement of the operation and tlio ratio of 
the bright and dark intervals are the same as 
those pertaining during the taking of the 
series of photographs with the camera, but in 
actual praotioe there are small departures 
from true rojiroduction arising from dillerenooB 
in the velocity ratios. 

Although the imago jirojootod upon the 
screen may apiioar to bo in continuous motion, 
the action is actually discontinuous, A 
stationary image representing one stage 
remains on the screen for a period of about 
second. This is followed by a dark intorval 
lasting about second. Although the original 

“ " Motion Picture Cameras,” C. L. (IroRory, 
Trans. Soo, Motion Picture Engineers, April 1917. 
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stages of the movements corresponding with 
these brief dark intervals are not reproduced 
upon the screen, the mind of the observer 
fails to detect their absence, and the interrupted 
series of images when combined by the retino- 
cerebral apparatus is accepted as being equiva- 
lent to the original continuous appearance. 

To obtain this stroboscopic effect it is 
essential that the dark intervals should be so 
small that the impression on the mind of one 
stage has not become unduly weak before 
the succeeding impression has been formed. 
That the effect is entirely due to a physiological 
process of fusion of the successive images has 
been contested ^ on the experimental grounds 
that under certain conditions an impression of 
movement is obtained even when the dark inter- 
vals are also distinctly appreciated by the mind. 

If the visual sensation ceased immediately 
the direct excitation had ceased, that is, if 
the phenomenon of persistence of vision did 
not exist, one image sensation could not 
extend over the dark interval and overlap, 
as it were, the succeeding image, tinder 
these circumstances the complete synthesis of 
a series of images separated by brief dark 
intervals would hardly be possible, and 
Idnematography would be impracticable. 

§ (3) The Eye and Vision — Flicker. — 
The functions of the eye {is the organ of sight 
arc discussed in the article on “ The Eye 
and Vision ” {q.v.). 

In its dark adapted state, as under the 
conditions of a modem picture house, the 
retina can be subjected to a range of intensity 
of from one to about a thousand without 
producing a glare effect. But in practice, 
under these conditions, a sudden change of 
intensity from one to more than a himdred 
or two should be avoided to ensure entire 
absence of visual discomfort. If the eye were 
repeatedly turned from the illuminated screen 
to very dark surroundings, the contrast might 
easily be such as to cause discomfort in the 
course of time, and therefore a certain amount 
of general illumination, which also facihtates 
the entrance of the spectators, is customary, 
the contrast being kept, however, within the 
above-mentioned limits. As the illumination 
of the picture on the screen varies from about 
1 to 1-5 foot-candles in the case of the quarter 
hghts to about 5 or 6 foot-candles over the 
brightest parts, a general illumination of 0-07 
foot-candle is permissible. Much, however, 
depends upon the circumstances, and general 
illumination of twice this amount has been 
advocated.® 

Reference has already been made to the 
persistence of vision upon which kinemato- 

^ P. Linkc, Bie stroboskopischen Erscheinunaem 
ala TdusRhungen des I^ntiUltsbeiousataeina, Leipzig, 
W. Engelmann, 1907. 

^ L. A. Jones, “ The Interior Illumination of the 
Motion Picture Theatre,” Trans. Soc. of Motion 
Picture Engineers, No. 10, May 1920. * 


graphy essentially depends. Tlie first definite 
measurements of the time of persistence are 
those recorded by M. D’Arcy,® who measured 
the time of whirling necessary to produce 
the appearance of a continuous circle of light 
when a five coal was whirled at a distance of 
165 feet from the observer. 

When the retina is excited by a single 
low-intensity impulse of very short duration, 
the resulting pulse of sensation takes an 
appreciable time to grow and a similar time 
to wane, the duration of the sensation being 
longer than that of the stimulation. According 
to McDougall, a stimulus of greater intensity 
produces a series of partially overlapping 
pulses of rapidly diminishing maximum 
intensities.* Charpentier’s bands, which may 
be observed when a suitable radial slot is 
rapidly rotated, are attributable to pulses 
of this kind. The initial pulses of greatest 
maximum intensity wax and wane rapidly. 
Succeeding pulses do so more slowly, and 
within the fraction of a second the intensity of 
the pulses becomes too small to be appreciated. 
Recurrent images and other phenomena of 
vision ® that involve periods much greater 
than those of the kinematograph need not be 
considered here. 

Flicker, the eUmination of which is a problem 
of such great importance in the intermittent 
type of kinematograph, is dependent upon 
the duration of the individual impulses that 
fall upon the retina. During the period of 
transference of the consecutive pictures it is 
necessary to interrupt the projection of the 
image upon the screen. This is done almost 
universally by means of a rotating shutter 
having a blank sector which intersects the 
beam of fight between the objective and the 
screen during the period of the movement. 
Thus the illumination of the screen is inter- 
mittent and the retina is subjected to a rapid 
series of impulses which, under certain 
conditions, produce a disturbing appearance 
of flicker, that may even prove injurious to 
the eyesight if long continued. 

Flicker can be eliminated by increasing 
the frequency of the interruptions or by 
reducing the illumination. It is also depend- 
ent to some extent upon the relative durations 
of the consecutive black and white periods,® 
the maximum effect being obtained when the 
white interval equals the black. Thus suppose 
the disc is half black and half white and the 
speed such that flicker is pronounced. If then 
the white sector is increased at the expense 
of the black, the flicker will diminish and be 
entirely absent when the disc is aU white, 

® Mdmoires de I’Acaddmie des Sciences d, Paris, 
1766, p. 450. 

* British Journal of Psychology, 1904, i. 78. 

' Bidwell, Curiosities of Light and Sight, 1899, 
chap. V. , ^ 

“ Marbe, Theorie der kinematographischen Pro- 
jectionen, sec, 10, p. 43. 
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since there are then no interruptions of the 
light. Similarly, if the black is extended at 
. the expense of the white, the flicker will 
progressively be diminished and again vanish 
when the disc is all black. In the Idnemato- 
graph the black sector which cuts off the light 
during the transference of the picture often 
covers about 90° of arc, that is, 25 per 
cent of the light is cut off on this account. 
The remaining 75 per cent of the light 
would be available lor the illumination of 
the screen if the speed was sufficiently high 
to eUminate flicker. As sixteen pictures are 
projected per second, the shutter makes 16 
revolutions per second, which in practice is 
nearly three times too slow so far as the 
elimination of flicker is concerned. It is 
necessary, therefore, to increase the number of 
interruptions per second by the introduction 



of one or more, usually two, additional dark 
sectors, the arcs of which are generally mode 
less than that of the main occulting sector, in 
order to conserve the illumination. 

Results of flicker tests of a throe-bladed 
shutter supplied with one well-known typo of 
machine are indicated in Fig. 1. In the tests 
the film itself was removed and the fluctua- 
tions of the hght in the aperture wore measured 
photometrically. Abscissae represent the esti- 
mated strength of flicker and ordinates the 
intensity of illumination in foot - candles. 
Upon each curve is indicated the corresponding 
number of interruptions per second, that is, 
three times the number of revolutions per 
second of the particular shutter. Thus, for 
example, in the case of the curve corresponding 
with a speed of 29 revolutions per second, the 
interruptions of the light were 87 per second. 
When the intensity of the illumination was 
reduced to 0'7 foot-candle the flicker dis- 
appeared. As the intensity was increased 
flicker reappeared and became more and more 
pronounced until it reached a maximum value 
at an intensity of 10 foot-candles. A further 


increase of the intensity produced an ax)p(;ar- 
ance of glare and caused the flicker to disapi)ear 
very rapidly. Glare effects of this order need 
not be considered as they do not occur in the 
case of the kinematograph. 

The curves indicate that with an intensity 
of illumination of 2 foot-candles about 36 
revolutions per second would bo required to 
eliminate flicker. In practice, however, this 
condition is fortunately attained at a much 



Pig. 2. — ^Tho “ Indomltahlo ” Projector Outjflfc. 


lower shutter speed of 16 revolutions per 
second, equivalent to 48 inten-uptions in the 
ease of the three-bladod shutter. This is 
largely duo to the fact that with the film in 
position not only is the illumination reduced 
by at least 26 per cent in the case of the 
lightest portions, but also there is no longer a 
rapid change from uniform light to darkness, 
since the light is broken up by the various 
tones of the picture, thus further reducing the 
general illumination and contrast with the 
dark intervals. 

§ (4) Thb AppARATtrs.- — ^A kinematograph 
projector equipment, of which the Indomitable 
outfit {Fig. 2) of Messrs. Kershaw & Sons is a 
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typical example, comprises the lamp, lamp- 
house and condenser, the machine or projector, 
including the projector lens, and the stand. The 
primary function of the machine is to draw the 
film from the upper reel box ; to bring each 

consecutive 
jncture of the 
film very ex- 
actly into posi- 
tion before the 
gate aperture 
through which 
the light passes; 
to keep the 
picture station- 
ary in this 
position for a 
period of about 
■n\rth second ; 
to remove the 
picture and 
bring the suc- 
ceeding one 
into position in 
the brief inter- 
val of about 
•{^th second ; 
to wind the 
film upon the 
lower reel after 
it has passed 
through the 
gate before the 
aperture ; to 
interrupt the 
image falling 
upon the screen, 
particulanly 
during the 
transference 
period ; and to 
mask the pic- 
ture, that is, to 
adjust the film 
so that the- in- 
dividual pic- 
tures lie within 
the boundaries 
of the aperture 
and thus lie 
correctly on the 
screen. 

In order that 
the film may 
be fed through 
the machine 
regularly, the 
sides are perforated in the manner indioated 
in Fig. 3, the perforations in question being 
now standardised.^ Similarly, the sprocket 

* Report (Did Recommendalions of the Standards 
Sub-Committee, Incorporated Association of Kinemato- 
graph Manufacturers, Ltd. 


wheels or drums have their teeth, which 
engage the film perforations, a,lso pitched 
exactly according to a standard. Upon the 
regularity and accuracy of the perforations 
and tho teeth dei^ends to a large extent the 
steadiness of the picture upon the screen. 

In tho diagram, Fig. 4, the film A is drawn 
from tlie upper reel box B by means of the 
uniformly driven uj^per feed sprocket C, tho 
teeth of which engage the film perforations. 
A roller D holds the film in engagement with 
G, from Avhonce it passes through the gate E 
in front of the aperture F through which the 
light from the condenser passes. Friction 
strips, which press upon tho sides of the film 
and not ujion the part occupied hy the 
pictures, offer a certain amount of resistance 



to the passage of tho film as it is pulled 
through tlio gate bj' means of tho intermittent 
sprocket G. From G tho film passes over the 
continuously driven lower food a[)rocket H 
into tho lower reel box J, the spindle of which 
is frictionally driven in order that the rate 
of winding may be constant notwithstanding 
variation of the reel diameter. As the feed 
sprockets 0 and H rotate uniformly while G 
rotates intermittently, it is essential to 
provide loops at K and L the lengths of which 
must not be less than one picture, as otherwise 
the film would be broken. If tho loops, on the 
other hand, are too long an objectionable 
whipping noise may result. 
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In certain machines in which masking is 
^rformed by a disi^lacoment of the inter- 
ittent sprocket, the lower loop must be 
fficiently long to permit of masking to the 
dent of at least one complete picture. 

§ (5) The Intermittent Peed Mechanism. 
-Of the elements above described the most 
teresting and indeed the most important is 
le intermittent feed mechanism, because upon 
le accuracy with which it places each picture 
front of the gate aperture depends the 
■eadincss of the picture upon the screen, 
ssuming that a variation in the position on 
le screen of consecutive pictures of J inch 
permissible, and that the distance of the 
bjective from the screen is 100 feet and 
■om the film 5 inches, then the iiictures 
lust be centred with an accuracy of j-gVir 
ich. 

Innumerable devices have been proposed 
n the intermittent movement of the film, 
ut in the great majority of projectors the 
laltese cross arrangement, or the Genova 
ross, as it is sometimes called, represented in 
Hg. 5, is employed. Upon the axis E of the 
gate sprocket 
which foods the 
film there is 
mounted the 
cross H, having 
four radial slots 
and four con- 
cave sides whioh 
suggest the 
name accorded 
t{) this moohan- 
sm. On a parallel axis F there is mounted a 
iisc and driving pin A, the diso being out 
uvay as indicated at K (Fig. (i) in order to 
3lear the extreme points of the cross. The 
irive is applied to this driving diso, which 
rotates uniformly in one direction only. 

In the relative positions indicated in Fig. 6, 
the diiving pin A is approaching tlio slot B 
tangentially, and 


the Maltose cross, 
the gate sprocket 
associated with it, 
and the film are at 
rest. Rotation of 
the cross is pre- 
vented in one 
direction by the 
locking action of 
the disc portion 
GD on one side of the line joining the oontros 
EP and in the other direction by the por- 
tion CG. As the pin approaches the slot 
this locking portion decreases, but the drag 
on the film tends to hold the cross against 
the other locking portion. 

In the position Fig. 0, the pin has just 
entered the slot B and is driving the cross 




in the direction of the arrow, and with it the 
film. The recessed portion K of the diso is 
necessary to clear the points of the cross as 
indicated in 
Fig. 7. 

In Fig. 8 the 
driving pin A 
has just loft the 
slot B of the 
cross, which 
with the film 
has therefore 
just come to 
rest, and the 
cross is locked to the maximum extent hy 
the disc. As the cross has four symmetrical 
slots it makes a quarter revolution for one 
revolution of the driving disc. 

Further, as the angle BFD (Fig.^ 6) is 90°, 
the cross during one rotation of the driving 
diso is being driven for one-quarter of the 
period and is at rest during the remaining 
throe-quarters. The gear is said to bo throe 
to one, since the picture on the film rests before 
the gate aperture 
during three- 
quarters of the 
period and is 
transported dur- 
ing the remaining 
fourth. 

Owing to the 
occultation of the 
liglit during this li'ro. 8. 

period only three- 

quarters of the total liglit reaches the 
screen, and in practice considerably less, 
owing to tlie additional width of the black 
sector required to cover nearly the width 
of the objective and to the flicker sectors 
previously referred to. As illumination is 
of groat importance the width of the occult- 





ing sector is reduced by the adoption of 
a four-to-ono, or even a fivo-to-ono gear, as 
indicated in Fig. 9. Tlie driving pin engages 
the Gross during 00°, or ^th of its rotation, and 
loaves it at rest during the Jths of the total 
period. The occulting sector can thus bo 
reduced from about 90° to about 00°, with a 
ooreosponding increase of illumination. But 
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it \yill be observed that the pin A, instead of 
gently entering the slot B tangentially, forcibly 
strikes the driving face, and as the film lias 
to be started from rest, moved, and brought 
to rest again in -Jth instead of Jth of the 
period, the strain on the film, and particu- 
larly the wear of the perforation, is much 
greater. Notwithstanding these disadvan- 
tages four- and five-to-one arrangements are 
frequently adopted. 

A greater strain is thrown on the film at 
the moment of starting than of stopping, as 
the film has to be drawn through the gate 
against the resistance of the friction side 
blocks. An excentric arrangement ^ of the 
slots as indicated in Fig. 10 has the advantage 



that, although the action may still he, say, five 
to one, the film is started more slowly, the 
movement being decelerated correspondingly 
more rapidly ; but, as already stated, rapid 
starting is more serious as regards wear than 
rapid stopping. For the excentric arrangement 
the further advantage is claimed that a portion 
of the occulting sector on the leading side can be 
cut out with a consequent increase of the light, 
since a greater part of the initial movement of 
the picture is too slow to be recognised as a 
ghost image by the eye ; but it should be 
remembered that it may be necessary to extend 
the following side, which under ordinary cir- 
cumstances is often reduced in practice below 
the theoretical amount. 

Claw-feed mechanisms of many kinds have been 
introduced, but although they are frequently adopted 
in camera, perforating, and printing moohanisms, they 
are but rarely used in the projector. Whereas in 
the projeotor the picture rests for second and 
moves during second, these periods are more 
or loss reversed in the ease of the camera, as the time 
of exposure during which the film is at rest is less 
than second. 

For printing maohincs the claw arrangement® 
has the advantage that the teeth engage simultane- 
ously the perforations of tho positive and the super- 
posed negative and drive both together with great 
precision. A considerable wear of the film perfora- 

^ W. B. Cook, “ Tho Excentric Star Intermittent 
Movement,” Trans. Soo. of Motion Picture Engrs., 
May 1920. 

‘ Dr. Eorch, Kinematograph, p. 30. 


tions is attributable to the teeth of the claws, but as 
the film is only subjected once in the camera to the 
claw action, this disadvantage is not of great 
importance. The teeth of the claw are caused to 
move in a more or less D-shaped path, the straight 
side of the D being parallel to the film. The vertical 
motions are controlled by a main cam and the 
horizontal movements by a subsidiary cam. 

One of the earliest devices, knowm as the Dog or 
Beater, is now only found in machines of the cheapest 
kind. While simplicity of construction is its chief 
characteristic, its deatruotivo action on the film is 
considerable. The device was originally suggested 
by the appearance of a lathe dog, from which the name 
is derived. At each revolution of the dog the pin 
strikes the film and beats it downwards, thus drawing 
tlie picture through the gate. The throw of the dug 
is such that the film is displaced to the extent of one 
picture at each revolution. A cam is usually pro- 
vided to press the gate open against the resistance, 
of a spring immediately before the striking pin 
comes into action in order to reduce the strain on the 
film. A reciprocating arm is sometimes used instead 
of the rotating dog, not only as a feed device but, in 
some cases, as a means of masking. Particulars of 
numerous other devices will be found in works 
devoted to kinematograph details.® 

§ (6) The Shutter. — With very few excep- 
tions, the shutter M(Fig. 4), placed immediately 
outside the objective, has the form of a rotating 
disc which intersects the beam of light. It is 
driven in direct association with the driving 
disc of the Maltese cross, one revolution of 
which corresponds with the interval between 
the pictures. Thus, when properly set, the 
dark sector of the shutter occults the Hght 
while the picture is being transferred. The 
angular width of the occulting sector should 
theoretically be such that it just covers the 
whole beam before the picture commences to 
move, and does not uncover any portion of 
it before the picture has come to rest. To 
satisfy this condition would involve the loss 
of a great part of the light, especially as flicker 
sectors are also required. If the transfer takes 
place during .^th of the period — that is, during 
72° of rotation — the angular width of the 
sector is generally between 90° and 95°, which 
usually means that some Hght passes at the 
commencement and end of the transfer, when, 
however, the motion of the image is compara- 
tively slow. That some latitude is permissible 
is suggested by the fact that in some houses 
where the film is run at an unusually high 
speed,* or where the illumination is low, due 
to fog or smoke, for example, a special single- 
bladed shutter, or sometimes no shutter, is 
used. 

“ Hopwood and Foster, Living Pictures, 1915 ; 
Eicharclson, Motion Picture Mandboolc, 3rd ed., 1915 ; 
Porch. Per Kinematograph, 1913 ; Liesegang, Ennd- 
buch der praktischen Kinematographie, 0th ed., 1919 ; 
Lehmann, Die Kinematographie, 1919 ; Lassally, 
Bild und Film, 1919, vols. i. and 11. 

* P. H. Richardson, “ The Various Effects of 
Overspeeding Projection,” Trans. Soc. Motion Picture 
Engineers, No. 10, p. 61. 
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Several typical shutters in common use are 
illustrated in Fi(j. 11. 

Innumerable devices have been introduced 
with the object of improving the illumination, 
but the result must necessarily be a com- 




promise between light and definition, as prac- 
tically all involve the projection of diffuse or 
irregular light uiion the screen. Thus the 
blank sectors may be pierced with holes, have 
gauze-covered portions, be of semi-transparent, 
variegated, or coloured material, or be provided 
with a small-diameter, light-diffusing lens. 

§ (7) The Gate. — An important element is 
the gate {Fig. 12) through which the film is 
drawn downwards inter- 
mittently by the inter- 
mittent sprocket. The 
film passes through the 
space B between the 
aperture plate A and 
the gate E, which is so 
hinged at G that it can 
be quickly opened by 
pressing the spring 
catch D to facilitate the 
stringing of the film. 
Usually, but not in 
all cases, the aperture 
plate faces the lantern 
and the gate the object- 
ive. When the gate is 
on the objective side it 
is often necessary to 
swing the objective holder upwards before the 
gate can bo opened to the full extent. When 
the gate faces the lantern, the disposition of 
the guide rollers is usually such that if the film 
breaks it accumulates between the machine 
and the lantern and increases the danger of 
fire. Inside the aperture face there are pro- 
vided two side strips, against which the film 
is pressed by two corresponding hard steel 


strips or slices G, carried springily upon the 
gate. As it is the pressure of these shoes that 
determines the drag on the film, it is essential 
that not only should the tension be capable 
of adjustment, but that tho tensions on the 
two sides of tho film should bo equal. This 
result is usually attained by making the top 
tension spring H act equally upon tho uiiper 
ends of the two shoes and tho lower spring J 
upon the lower ends. In some cases one 
spring is arranged to act equally on all four 
ends. 

Small differences in the width of the film 
necessitate some side guidance, as tho width 
of the slot in tho aperture plate must bo 
sufficiently great to accommodate films of 
extreme width. Tho flange of tho top guide 
roller may be made to servo as a side guide, 
as the use of springs, especially in tlie side 
wall of the aperture plate, is not free from 
objection on account of their tendency to 
become clogged with tho collodion torn from 
the surface, particularly of now films. Eor 
tho same reason the use of velvet strips has 
boon practically abandoned. 

To facilitate the cleansing of tho guides tho gate 
should bo capable of being oi)onod widely and the 
sJioea themselves should bo removable. In. many 
maohinos tho lower guide roller which holds tho film 
against the intermittent sprocket is carried upon the 
gate, and is capable of being so adjusted that it does 
not boar too hard upon tho film. Undornoath the 
sprocket there is mounted a stripper plate whioh 
separates the film from the under side of the sprocket. 
When this plate is not fitted there is danger of tho 
film being wound round tho sproeket. 

§ (8) Masking. — Masking tho film is neces- 
sary from time to time, in order to sot tho 
individual pictures exactly before the aperture 
and tlieroforo oorrootly upon tlio soreon. 

In ro-joining a film tho pieces may be dis- 
placed by a fraction of a picture, and when 
this portion passes through tho machine the 
oorreot location of tho imago upon tho screen 
is affected. Tho earlier method of mask- 
ing, which has only recently been generally 
discarded, consisted in displacing, relatively to 
the film, tho optical axis containing tho source, 
the centre of tho aperture, and tho optical 
oontro of tho objootivo, by tho amount re- 
quired to replace tho imago centrally upon 
the screen. The model illustrated in Fig. 2 
is of this typo. Tho aperture and objective 
are usually moved together, and then tho light 
source is readjusted until tho heat C{)ndition 
of uniform illumination is again attained. 

As tho frequent readjustment of tho source 
is not without objection, the greater propor- 
tion of modem machines have tho optical axis 
fixed, masking or framing being oflocted by 
pulling tho film through tho gate until tho 
picture is again central, without, liowovor, 
altering tho relative positions of the Maltose 
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cross and the driving disc witli wliict the 
shutter is associated ; that is, the operation 
of masking must not affect the timing of the 
carry-over gear and shutter. The intermittent 
si)rocket, Maltese cross, and driving disc are 
moved up or down as one unit carrying with 
it the film relatively to the gate. It is then 
necessary to make the top and bottom loops 
sufficiently large to permit of this adjustment. 
The drive may be communicated to the ad- 
justable element through the intermediary of 
a coupling so disposed that no rotation of the 
coupling shaft and no rotation of the shutter 
shaft is involved in the masking operation. 
If these conditions are fulfilled, the timing is 
not affected, the ocoultatiou of the light 
corresponding with the transfer of the film by 
the rotation of the intermittent sprocket. 

This syatom of masking is embodied in the Power’s 
Camoragraph. The apparatus, as is customary, can 
bo placed in an iiiolined position, which is necessary 
when the projection booth is situated at a high level 
relatively to the screen. Means are provided on the 
stand for angling the whole maoliino together with 
tlio lamp as one unit to suit the conditions of the 
installation. 

An interesting device is used in the Cameragrapli 
for automatically ro-setting tho lower loop, which in 
praotice may q.uito easily bo lost if the film perfora- 
tions, for instance, are badly worn, necessitating 
ordinarily an interruption of tho projection. The strip 
of film forming tho lower loop is passed under a roller. 
When for any reason the loop is lost, the film in 
becoming taut raises the roller and partially rotates 
a oylindor on the surface of which is out a spiral 
slot. An arm, a pin on which engages the slot, is 
thus swung sideways and declutches the lower feed 
sprookot, the rotation of which momentarily ceases. 
During tins interval tho loop inoreoses, the roller 
under tho action of a spring falls with the loop, 
the clutoh is brought into normal action, and the 
sprookot recommences to feed tho film. 

In the masking devices previously desoribed the 
intermittent sprocket in its lowest position is a oon- 
sidorablo distance from the gate, and the length of the 
film loop between the gate and tlie intermittent 
sprookot is of variable amount. Although additional 
complexity is involved, this disadvantage may bo 
succosatully avoided by mechanism such os is used, 
for example, in tho Simple.x machine. The gate 
sprocket is mounted close to the gate with its axis 
in a fixed position. Masldng is effected by the 
rotation of the whole intermittent mechanism about 
tho axis of tho sprocket, the maximum rotation 
required being a quarter revolution, which corre- 
sponds with a film displacement of one picture. Since 
the pinion of the driving disc must necessarily be in 
gear either directly or indirectly with the driving 
wheel, having its axis ooncontrio with, the intermittent 
sijroolcot a bout tho axis of wliich the masldng rotation 
takes place, it will bo evident that in the masking 
operation the driving disc will be rotated relatively 
to tho Maltese cross. To preserve the timing, the 
shutter must therefore bo automatically rotated by 
an equivalent amount in the appropriate direction. 

For a displacement of one picture — that is, a 


quarter revolution of the intermittent sprocket — it is 
necessary to correct automatically the displacement of 
the shutter by one revolution. This is done in one 
particular example by communicating the drive to 
the shutter axis through spiral gears, the pinion 
gear on the shutter axis having a length of one spiral. 
When the gate sprocket mechanism is rotated the 
spiral driving element is displaced longitudinally 
upon a squared shaft by a corresponding amount, 
and in its longitudinal movement it rotates the shutter 
quite independently of its ordinary rotational move- 
ment. The arrangement has the advantage that, by 
providing an additional hand control of the longi- 
tudinal movement, the timing can be adjusted w’hile 
the machine is running. 

In view of the precision with which the inter- 
mittent sprocket must locate the film, the introduction 
of elements between this sprocket and the Maltese 
cross is objectionable owing to the possibility of 
backlash introduced by slackness or wear of the 
parts. It has been proposed, for example, to rotate 
the sprocket independently of the Maltese cross 
through the intermediary of a differential, one 
element of which is controllable by hand. In 
another arrangement the sprocket is mounted upon 
a spiral sleeve on the Maltese cross spindle to which 
it is keyed. 33y a longitudinal displacement of the 
sleeve tlie sprocket can be rotated relatively to the 
cross, and, as in the previous example, the timing of 
the shutter is not affected, since no relative movement 
of the cross and driving disc is involved. Devices 
of these kinds, which involve the use of additional 
parts, particularly between the sprocket and the 
cross, are unlikely to prove satisfactory on account 
of the objectionable backlash that may be introduced. 

An essential and important feature is the 
take-up mechanism of the lower spool-box 
which rolls up the film after its passage from 
the lower feed sprocket at a constant rate of 
about 1 foot per second. As tho diameter of 
the roll increases the speed of rotation neces- 
sarily decreases and the tension on the film 
varies. In a few cases the drive is applied 
through the intermediary of a variable speed 
gear, but in the great majority of machines 
a simple slipping clutch is employed, the 
pressure being adjustable by means of a spring. 
As the diameter of the roll grows larger the 
slipping increases, but although the maximum 
force that can be applied to the film is limited, 
the force is not automatically kept constant. 
For reels having 1000 feet of film the slipping- 
clutch, when properly set, suffices, but for 
longer reels of 2000 feet a variable speed 
drive becomes desirable. Satisfactory results 
have been attained by causing the increasing 
weight of the roll to increase the frictional 
resistance to rotation, whereby the uniformity 
of the tension on the film is maintained. 

So long as inflammable celluloid film is used, 
there must always he a certain amount of fire 
risk, notwithstanding the stringent legal regu- 
lations that are commonly imposed. For the 
prevention of panic among the spectators, who 
may be alarmed by the fiery glow projected 
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upon the screen when the film in the aperture 
space is ignited, it is essential that the pro- 
jection should be interrupted immediately by 
closing the window shutter of the booth and 
by closing the lamp shutter or dowser. These 
operations are generally done by hand. Upon 
the machine itself, however, there must bo 
provided a fire shutter N (Fig. 4), which covers 
the gate aperture when the machine is at rest, 
as shown dotted in the illustration. 

When the machine is in operation the film 
is subjected to the concentrated heat for brief 
intervals of only -I’flth second, during which 
time it does not reach the temperature of 
ignition. But if the machine is stopped and 
the film is at rest for a second or even less, 
it will become ignited unless tho shutter falls 
immediately tho motion ceases. Tho shutter 
is often opoiatod by moans of a governor 
directly associated with the driving mechanism, 
and in other cases by simple friction discs 
separated by a thin viscous layer of oil. 

If tho film broaka whilo tlie maohino oontinues 
in motion tho firo shutter will not fall. In such a 
oaao tho lamp dowser muat bo oloaed by liaiid. 

To provide automatic protection capable of dealing 
with every contingonoy involves mechanical and 
electrical complications that may prove a groalor 
danger than security. Roliamso is usually placed 
upon tho firo shutter at tho gate and the alertness of 
tlio operator. Ignited film in tho machine itself, 
being in oontact with cold metal, burns compara- 
tively slowly and may easily bo extinguished if 
dealt with promptly. 

It is most important that llio largo masses of film 
in tho roll boxes sbould not become ignited. Pro- 
vided the lida-nro closed as they ought to bo, this can 
be effectively prevented by passing tho film into tho 
boxes between metal plates N (Fig, 4), having 
a surface length of several inolios. Tlio cold metal 
extinguishes any flaming film that may bo drawn 
between them. 

§ (9) The Objkotivb. — As the individual 
pictures on tho film are only 1 inch wide and 
I inch high, tvlioreas tlie imago projootod on 
tho soreou may be 20 ft. wide, it will bo 
evident that so groat a magnification nocossi- 
tates a quality of definition of a very high 
order over as largo a central area as possible, 
since tho action of a pioturo play cannot bo 
confined to tho centre of tho seroon. Illumi- 
nation being of tho greatest importance, a 
large aperture is desirable as in tho case of 
portrait lenses, in which tho oonditions to ho 
satisfied are very similar. There may bo a 
considerable loss of light, however, in tho 
passage through the lens system, not only at 
each transmission, but also owing to the actual 
cutting off in tho combination whon tlio front 
and back oloments aro widely separated as in 
the case of tho early Petzval objectives. Com- 
pactness of design is therefore of importaneo. 

An objective equivalent focal length of 4 
.inches is a common one, and since tho pioturo 


is 1 inch wide tho angular field is about 15°, 
and for longer focus objectives still less. This 
small angular field makes it possible to obtain 
a quality of general definition on tho screen 
that would he unattainable if the width of 
field common in tho case of a portrait objective 
was required. 

Computation is also facilitated by tho fact 
that complete freedom from di.stortion is 
not of greatest importance. With very few 
exceptions, tho centre of tho projected beam 
does not fall normally ujion the screen, owing 
to tho elevated position of the kinomatogra])h 
booth and to the vortical arrangement of tho 
screen. For these reasons the magnification 
at tho bottom of the screen is usually greater 
than at the top by an appreciable amount 
considerably in excess of tho distortion error 
attributable to a good objective. 

Tho principal aberrations that have to bo 
reduced to a minimum in tho computation of 
objectives aro discussed in the undernoted 
works. ^ They are as follows : 

(i.) Chromatic aberrations. 

(ii.) Axial spliorical aberration. 

(iii.) Coma. 

(iv.) Astigmatism and curvature of tho field. 

(v.) Distortion. 

Freedom from oliromatio aberrations ensures 
tho absence of coloured margins in tho projec- 
tion of black and white details and a true 
roprosontation of coloured images. Crispness 
of central definition is associated with froodom 
from axial spherical aberration, and fullilment 
of tho sino condition. Coma or spherical aber- 
ration for extra axial points and astigmatism 
result in fuzziness ami elongation of details 
which increase with tho distance from tho centre. 

Wlion there is emwaturo of the field tlio 
imago oannot bo shari)ly focussed at the 
oontro and sides of tho aoroen simultaneously, 
owing to tlie imago surface being curved. 
When astigmatism is jirosont there aro really 
two imago surfaces whoso vortexes coinoido 
on tho axis whore tho astigmatic aberration 
is zero. .Distortion, already referred to as 
being of secondary importance in view of tho 
greater error duo to tho angle of projootion, 
results from a change of magnification from tho 
centre radially over tho surface of tho screen. 

Most kinomatograph objectives are based 
upon tho type of portrait objective invented 
by Professor Potzval of Vienna in 1840. 
This typo is remarkable for its freedom from 
aberration over a central area corresponding 
with an angular field of about 8°, that is, 4° 
on either side of tho axis. Beyond this width 
non-fulfilment of Abbe’s sine condition becomes 
increasingly marked. 

‘ Steliiholl and Volfc, T/nndbook of AppKod Oplir.s, 
edltiKl )»y ,1. W. (''roncli, vols. 1. and il., 1018 ; A. S. 
l!ory, " Optical Hcqulrniminta of Motion rhiturc 
rro](!ctU)n Objectives,” Trans. Soc. MuL PirL linars., 
April 1018; 0, Lindsay Johnson, Photographic Optics. 
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The Petzval system comprises an outer 
cemented doublet nearest the screen and an 
inner non-cemented doublet nearest the film. 
It has the additional advantage that the 
latter is not so liable to be affected by the heat 
of the concentrated light as would be the 
case if the elements were balsamed. In 1866 
J. H. Dallmeyer considerably improved the 
uncemented element of the Petzval system. 

By a judicious selection of types of glass 
introduced within comparatively recent times 
it is now possible to obtain numerous excellent 
anastigmatio combinations of British, German, 
and French make that, in addition t® crispness 
of definition over a large area, provide a field 
that is flat over nearly the whole angular 
width common to Idnematograph projection. 

§ (10) iLLtrMiNATiON. — When it is con- 
sidered that the whole light available for 
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Loss of Light 
Details 


Screen 


Shutter 


distribution over the surface of the screen, 
which may be 20 feet long and 15 feet high, 
has to bo emitted by the crater of the arc 
having an effective surface of less than 0-2 
sq. in., it will be understood that a very 
intense source is essential. For smaller 
projection lengths special incandescent tung- 
sten lamps ^ having a condensed area of 
filament are extensively employed in America. 
With these lamps there are used rear reflectors 
and special corrugated condensers ® which, 
being placed near the lamp, intercept a large 
cone of rays. But for screens of 20 feet 
width a more powerful source, such as the 
carbon arc, is still employed. 

In comparison with the incandescent lamp 
the carbon arc® is more inconvenient to use, 
loss constant, and less hygienic. If the carbons 

‘ R,. A. Pennington, "Incandescent Lamps for 
Motion Picture Service,” Trans. Soc. Mot. Pict. 
Engrs., April 1918, p. 86, also 47. 

“ H. P. Gage, “ Condenser Design and Screen 
inuminailon,” Trans. Soc. Mot. Pict. Engrs., April 
1919, p. 68. _ „ X, 

» W. 0. Kunzmann, "Carbon Arc for Motion 
Picture Projection,” Trans. Soc. Mot. Pict. Engrs., 
Nov. 1918, p. 20. 


are solid the arc wanders and the illumination 
for this reason varies greatly, but usually 
the upper carbon has a soft core which, by 
burning away more quickly, centres the arc 
and prevents wandering. When using alter- 
nating current both carbons are usually cored. 
Arc controllers designed to avoid hand control, 
and magnetic devices for steadying the arc, 
are available and are sometimes installed. 

When using cored carbons an illumination of 
about 120 candle-power per sq. mm. of crater 
is obtainable. An effective crater area of 100 
sq. mm. or 0T6 sq. in., which is common, 
thus emits 12,000 c.p. If the arc was an 
unobstructed point source radiating in all 
directions, the nearer the condenser lens was 
placed to it the greater would be the cone of 
light intercepted, and the greater the light 
available. Much of the light, however, is 
obstructed by the lower 
negative carbon of 
direct-current arcs and 
by the upper crater 
edge of the positive 
carbon, and further, on 
account of the intense 
heat, it is not practi- 
cable to bring a con- 
denser lens closer than 
in. to 4 in. 

A 4J-in. diameter con- 
denser lens, which is a 
usual size, set 3-6 in. 
from the arc intercepts 
a cone of light whose 
base covers 1 sq. ft. 
and whose length is 
1 foot. Such a con- 
denser thus intercepts 12,000 lumens if the 
candle-power is 12,000. At each transmission 
surface at least 4 per cent of the incident light 
is lost, in accordance with the Young-Fresnel 
law. There is also some absorption of light 
by the glass. In the case of the objective 
this is almost negUgible, as the glass employed 
is of good optical quality and the thicknesses 
are small. Glass of a much inferior character 
is too frequently employed for the condenser 
lenses and the loss is then quite important. 
It is very questionable economy to use con- 
denser lenses made of a type of window glass, 
as is so frequently the case. 

The losses of light in its passage from the 
first condenser surface facing the arc to the 
screen are as indicated in Fig. 13. At the 
surfaces A, B, C, and D at least 4 per cent of 
the hght incident at each of the respective 
surfaces is lost. An absorption of 5 per cent 
per cm. thickness of glass has been assumed, 
hut this amount is often exceeded. In the. 
first lens the loss is 17 per cent and in the 
double lens condenser 33 per cent. The loss 
in a triple condenser is still greater. 




11 % 


Lumens = 7300 
Area — 300 sq.ft, 
Candle Pooler = 4-3 
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It has been assumed that the whole circular 
area of the condenser lens contributes light. 
Actually, however, only a rectangular area 
corresponding with the rectangular form of 
the film aperture is utilised. About 40 per 
cent of the circular beam is cut off by the 
rectangular aperture at E. Thus about 40 
per cent of the original light reaches the 
film F. Only an approximate estimate of the 
loss at the film is possible, as the density varies 
greatly. Photometric measurements show 
that 25 per cent of the light may be lost in 
transmission through even the least dense 
parts. 

The objective, whose surfaces are lettered 
G to N, usually has two uncemented lenses 
which involve a drop from 30 per cent to 25 
per cent, and one cemented doublet which 
involves a further drop to 22 per cent. 

In the usual flicker shutter 0 there is a very 
large loss of light, amounting in one commonly 
used type to nearly 50 per cent. Of the total 
light incident upon the first surface A of the 
condenser, namely 12,000 lumens, only 11 per 
cent passes the shutter, that is 1300 lumens. 
Neglecting the loss through absorption by 
the atmosphere, which may be considerable, 
this quantity of light is available for distribu- 
tion over the screen P, having an area of, 
say, 300 sq. ft. Thus, assuming the whole 
film is of the lightest shade, the intensity of the 
fight on the screen would be 4-3 foot-candles. 
The actual intensity reflected to the observer’s 
eye is considerably less, and depends not only 
upon the nature of the screen but also 
upon the obliquity of the observer’s fine of 
sight. 

§ (11) Thb Soeuen. — A perfect reflector if 
used as a screen would reflect a high proportion 
of the fight, but only in a definite direction 
determined by the angle of incidence. A matt 
surface, on the other hand, diffuses the fight 
over a wide angle, within which the picture is 
visible, but the fight reflected in any one direc- 
tion is correspondingly less. Thus, although 
the albedo value, that is, the ratio of the 
reflected light to the incident fight, for a 
polished glass sheet silvered on the back may 
be 90 per cent, such a screen would be quite 
unsuitable as compared with a matt surface 
of fine white plaster which, when clean, has 
an albedo value of about 80 per cent but 
spreads the reflected light over a wide angle. 

White cloth well stretched reflects from 
70 to 75 per cent of the fight. Cartridge 
paper has even a higher albedo value, but 
such hygroscopic materials readily deteriorate. 
The choice of a screen surface ^ depends also 
upon the maximum obliquity from which it 
must be viewed. 

* .Toiwa and Filltiis, “ Rollectlon Characteristics of 
Projection Screens,” Trana. Soc. Mot. Piet. Mngra., 
Oct. 1920, p. 69. 


Glass screens ^ ground on the face and 
silvered on the back confine the greater part 
of the hght to an angle of about 30° and 
may have a good reflecting value of over 
80 per cent when clean, but moisture on the 
ground surface has a serious effect upon the 
spreading power of the parts affected. 
Screens coated with silver, aluminium, or 
other metallic paints are often used. Special 
claims are sometimes made for yellow-tinted 
surfaces that reflect a greater proportion of 
yeUow fight. 3 Whatever the t3rpe of screen 
employed, it is essential that its surface should 
be kept clean and dry, as otherwise the reflect- 
ing power may be much reduced. 

§ (12) Special Forms op Machine. — It is 
not possible within the limits of this brief 
account to deal with the more special applica- 
tions of the Idnematograpfi. 

For the projection of sjmthetically coloured 
pictures Friese Green in 1899 proposed the 
use of a red, green, and blue rotating shutter 
in front of the objective. In the original 
kinemacolour method successive exposures of 
the film in the camera are made through three 
and sometimes two filters consecutively, and 
each set of three or two consecutive pictures 
is projected simultanedlisly, and in other 
arrangements alternately, upon the screen 
through corresponding filters. Numerous other 
arrangements have been proposed for the 
synthetic production of natural colours,^ 
but, in view of the expense and complications 
involved, simple hand-tinted films ® are more 
frequently used whenever coloured pictures 
are desired. 

The kinematograph is of great scientific 
value for the analysis of very quick motions,® 
the pictures being taken at a rapid rate in the 
camera and projected upon the screen at the 
rate of about sixteen per second. 

Many inventors have attempted to devise 
a satisfactory dissolving view machine, the 
advantages of which need no description, but 
no real practical success can be recorded. 
The intermittent machine, notwithstanding 
its inherent difficulties, still remains un- 
surpassed for the projection of pictures under 
picture-house conditions. Most of the con- 
tinuous devices hitherto proposed have 
involved a large number of lenses, prisms, or 
mirrors difficult to adjust or maintain in 
adjustment individually with the accuracy 
essential for the projection of a picture at a 

’ Cardwell and Burrows, “ Light Intensities for 
Motion Picture Projection,” Trans. Soc. Mot. Piet. 
Engrs., Oct. 1917. 

” Richardson, Motion Picture Handbook, p. 166. 

* Hopwood and Foster, Living Pictures, 1915, 
chap. vil. ; Kelley, “ Natural Colour Cinemato- 
graphy,” Trans. Soc. Mot. Piet. Engrs., Nov. 1918, 
p. 30 ; Carl Forch, Der Kinematograph, chap. x. 
p. 119. 

‘ Blair, “ The Tinting of Motion Picture Film,” 
Trans. Soc. Mot. Piet. Engrs., May 1920, p, 46. 

‘ H. Lehmaim, Bie Kinematographie, sec. iv. p. 60. 
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distance of a hmidred feet, wliich is quite a 
common practice. 

Many attempts have also been made to pro- 
ject stereoscopic images ^ upon the screen, but 
with little real practical success. The use of 
coloured spectacles to view suitably coloured 
pictures is unMkely to become popular. An 
impression of depth can also be obtained from 
the parallax appearance resulting from a trans- 
lation of the camera during the exposure of 
the film. 

To a very considerable extent the use of 
the Mnematograph in schools, and the more 


L Semes ; a group of spectrum lines in the 
characteristic X-rays emitted by an element. 
See “ Radiology,” § (17). 

Lambert : a unit of brightness used in 
America. It is equal to the brightness of a 
perfectly diffusing surface of unity reflection 
ratio, illuminated to the extent of one phot 
(q.v.). It therefore equals 1/ir candles per 
square centimetre. See “ Photometry and 
Illumination,” § (2). 

Lamp Rotator: a device for obtaining a 
measurement of mean horizontal candle- 
power of a lamp by a single photometric 
reading. See “ Photometry and Illumina- 
tion,” § (38). 

Landolt and Leppioh’s Polarimeter : an 
instrument for measuring the position of 
the jolano of polarisation, depending on the 
use of a very intense light source and a pair 
of wide-angled Nicol prisms, the field being 
not uniformly dark but crossed only by a 
narrow black band. See “ Polarimetry,” 

§( 9 ). 

■ Lantern Projection op Images on a Screen. 
See “ Projection Apparatus,” § (14). 

Latitude, definition of. See “ Surveying and 
Surveying Instruments,” § (4). 
Determination of, for survey purposes. See 
ibid. § (24). 

Laurent Polarimeter. See “ Polarimetry,” 

§ ( 5 )- 

Lead, Use op, in Glass Manufacture. See 
“ Glass,” § (8). 

Leading Marks for Fixing Position. See 
“ Navigation and Navigational Instru- 
ments,” § (2). 

Length, Focal, determination of, for simple 
spherical lens. See “ Lenses, The Testing of 
Simple.” 

Lens, aspheiical : a type of spectacle lens 
designed to correct the aberration intro- 
duced when the eye looks towards the 
edge of the lens instead of to the centre. 
See “ Ophthalmic Optical Apparatus,” 

§ (8) (iiO^ 

1 Carl Porch, Der Kinematograph, chap. xi. p. 136. 


general introduction of portable kinemato- 
graphs 2 for home and commercial purposes, 
is dependent upon the development of a 
durable non-inflammable or slow-burning 
film. If slow-burning non-standard film is 
used, the choice of subjects is at the present 
time greatly restricted. j, 


Kirohhoff’s Law op Radiation. See 
“ Radiation Theory,” § (4). 

Konig -Martens Speotrophotgmetee. See 
“ Spectrophotometry,” § (12). 


Bifocal : a typo of spectacle lens having 
two different jiowera or foci set in the 
same eye-wire or spectacle frame ; the 
upper focus is used for distance and the 
lower for reading or close work. See 
ibid. § (8) (i.). 

Cataract : a t 3 ^pe of spectacle lens for 
aphakic patients, designed to reduce the 
weight and aberration of the suitable lens 
of an ordinary type. See ibid. § (8) (iii.). 

LENS SYSTEMS, ABERRATIONS OF 

§ (1) Introduction. — The Gaussian theory of 
a system of coaxial lenses is given in the 
article on “ Lenses, Simple Theory of,” while 
in the articles on the Lenses for Telescopes,® 
Photographic Lenses,* and Microscopes ® refer- 
ence is made to the various aberrations to 
which any such system is subject. 

In the following sections the theory is given 
of the five first-order aberrations, generally 
known by the name of Von Seidel, viz. Dis- 
tortion, Curvature, Astigmatism, Coma, and 
Spherical Aberration. A more complete treat- 
ment will be found in the article on Systems 
of Lenses. 

§ (2) Hamilton’s Charaoteristic Func- 
tion. — Light is propagated by transverse 
waves which spread outwards from any 
luminous source ; in an isotropic medium — 
one, that is, which has identical properties in 
aU directions — the wave velocity is the same 
in all directions, and the waves emanating 
from any point source spread outwards in 
sphere. Consider now the disturbance leaving 
the source at any given instant ; at any future 
instant, supposing no reflection or refraction 
to have occurred, its effect will be spread over 
a sphere having the source as centre, and the 

° A. P. Victor, “ The Portable Proketor,” Trans. 
Soc. Mot. Pwt. Engrs.. April 1018, p. 29. 

" Seo “ Telescopes.” § (3). 

‘ Hoe “ Pliotoprrapliic Lenses,” § (8). 

' Hce “ Microscope, Tho Optical Theory of,” §§(6), 
etc, 
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time taken to reach any point on this sphere 
mil be the same, and will be given by dividing 
the radius of the sphere by the velocity of the 
light. This sphere constitutes the wave front 
for that disturbance. The effect of reflections 
or refractions, such as take place at the sur- 
faces of a series of lenses, is to modify the form 
of the wave surface/ but it always retains this 
fundamental property; it is the assemblage 
of points at Avbich the disturbance emanating 
from the source at any given instant has 
arrived at the instant considered, and its form 
is given by the fact that the time taken to 
travel from the source to all points on the 
surface is the same. Moreover, it can be 
shown (i.) that the light which reaches any 
point is travelling at right angles to the wave 
surface through that point, and (ii.) that the 
ray or path by which the light has travelled 
is such that the time of transit from the source 
to the point is the least possible. 

Now iiz, y,z be the co-ordinates of any lioint 
on the wave front we may write its equation as 
f{xyz)~c, and since the time of transit from 
the origin to any point on the wave is constairt 
we may express the time as a function of the 
variables which is constant when the point 
xyz is on the wave front. This will be satisfied 
if the time is expressed as a function of 
j{xyz). Thus, if V denote the time we may put 

Again the direction cosines of the direction of 
propagation, which, as we have seen, is normal 
to the wave front, are proportional to dfjdx, 
dfjdy, and dfjdz respectively. But 


perpendicular to this axis or on surfaces of 
revolution about the axis. 

Let X, Y, Z be the co-ordinates of a point P 
{Fig. 1) in the object space, consider a fixed 



plane — ^tho ifiano of a stop in tho Ions system 
— in the imago sjiaco, and lot tho ray con- 
sidered moot this in P' whoso co-Ordinates 
are f, y, f. 

Let pianos "through P and P', normal to tho 
axis, moot it in 0, O' respectively. Then it is 
clear from tho symmetry about tho axis that 
for any pair of points P, P' in those pianos V 
will bo tho same, so long as tho distances 
OP, OT' and tho angle botwocn OP and O'P' 
arc fixed ; thus, denoting this angle by 0, V 
may be treated as a function of tho distance 
between tho planes considered, tho radii OP 
and O'P' and tho angle 0. But 


0P = (Ya.!-ZS)2r, 


cos 0 


Jv + Z!: 

OP .T)'P" 


dV_dV df . 
dx- di Tx' 

Thus the wave travels in a direction whose 
direction cosines, given say by L, M, N, arc 
projiortional to dYjdx, (N/dy, and dV fdz, when 
V represents the time taken to travel from tho 
source — the origin — to tho point x, y, z. 

From this it follows that if V be regarded 
as a function of the co-ordinates of two points, 
one in the object, the other in the image, 
space — V being the time of transit between 
the points — the differential coefficients of V 
with regard to the co-ordinates of tho points 
give the initial and final directions 
of tho ray passing through the points. 

Thus a knowledge of V, which is tho 
characteristic function of Hamilton, 
enables all the properties of the lens 
system to be deduced. 

§ (3) Hamtltok’s Function iron a 
Semes of Coaxial Lenses. — T ho 
problem is simplified in the case of 
a system of lenses by the facts (i.) that tho 
system is symmetrical about tho axis of tho 
lenses, and (ii.) that the objects and images 
considered are assumed to lie either in pianos 


and 




Thus we may treat V as a function of Y®-i-Z*, 
7)^ -I- j"®, Yt) -l-Zf, and ? - X; tluH latter quantity 
is constant if the images are i)lane. Again 
in lens problems the quantities Y, Z, y, j" are 
small com])arod with tho focal lengths and 
other constants of tho lens and with tlio 
distances of tlio object and imago from the 
unit j)lanea of tho lens. 

Thus wo may expand V in powers of Y® -|- 7J, 
Yy+Z^, and + and if we retain only 
tho fourth powers of tho small quantities wo 
obtain the expression 

V=:»;o- Jib(Y®-l-Z«)-|-Ua(Y^+Z|-) 

- 4u 8( ys -t Z^)(Yy -I- Zn + iva (Yy + Zf) ^ 

+ 2{v, +v,){Y^ + Z^){y^ -H ~ ^v,iYy +Zt)iy^ -1- 

+ + • • • terras involving Ingbor 

powers of tho variables, j 

where the ii’s are quantities which depend only 
on tho properties of tho lenses through which tho 
lighthas passed and on tho positions of tho object 
and stop pianos, the values, that is, of X and 
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Ala n we have for the direction cosines of the 
emergent ray 


M: 


dV 


L = (l-M2- 


( 2 ) 


^ __ 

Thus 

M = Y + K { Y"* + Z') - {Yt, + Zf) 

+ W'>?® + H+ • • • } 

- •>7 {^3 + + '^7)( + Z^) - 1 ! 8 ( Yi 7 + Zf) 

+ W’?^ + f®)+ • • • } 

with a similar expression for N, but with 
Z and before the two brackets in place of 
Y and 77 . Also 

L = 1 + + Z2) - ■yi«2(Y77 + Zr) 

+ W’7* + n+ • • • (3) 

§ (4) Position os' the Image. — Now let the 
image plane be at a distance X' from the stop 
plane, and let Y', Z' be the co-ordinates of the 
point in which the ray L, M, N meets the 
image plane. Then 

Y' 


=77+tX' 


Z': 


=r+?x' 


(4) 


Therefore 

Y' = 77-1-MX'{1-K(Y“ + Z‘‘) 

+ v,v,{Yv + Zl;)-^v,(v^ + !:^)} 
=:X'Y{v, + Uvs~v^)(Y^ + Z^) 
-(Vd- V^8)(Y'»7+Zi') 


( 5 ) 


+ X.'-r,{{llX')-V, 

- ^(^>6 - ^3% +«7)(Y® +Z2) 

+ (V8-^2«^3®)(Y»?-|-Zf) 

with a similar equation for Z'. 

Now the condition that the plane for which 
the intersections have been found is the correct 
image plane, is that, for terms of the lowest 
order, Y' and Z' shall be proportional to Y and 
Z respectively, for the image must be similar 
to the object. Thus we must have 'Kf =ljv^. 
Hence the traces of the ray intersections with 
the imago plane are found by substituting this 
value of X' in the above expressions. 

We can simplify these expressions by sup- 
posing that the axis of y passes through the 
source of the light so that Z=0. If this be 
done, we find the values 

2v8Y'=2t)3Y-l-K-7;3«)Y‘' ^ 

- l3(vo - V2\) +Vj}Y^y 
+ {Vs-V2V3^)Y(37)^ + ^) 

-(^^0- + H J-. (6) 

2V3Z' = - {(Vb - ^>2^) + «7}Y®f 
+ 2{vs-V2V3^)Yyt 


§ (5) The Aberrations. — These expressions 
agree with those employed in discussing the 
aberrations separately in § (8) of the article on 
Photographic Lenses if we put 
V2Y=V3y, 

Y'=y + 8y, 

Z' = 0 + dz, 

so that y, 0 are the co-ordinates of the image _ 
when there is no aberration, and dy, dz the" 
aberrations in the radial and transverse direc- 
tions resq)ectively. 

(i.) Distortion . — The first term in the ex- 
pression for the aberrations is given by 


... (7) 

and this gives the distortion in the form 
Sy = ajy^, 

where 


2vJ "^3 


the image is displaced by this amount in the radial 
direction and the aberration is wholly radial. 

(ii.) Curvature and Astigmatism. — Ylo have 
next the terms in Y 377 and Y^f given by 


and 


25?/ = - - {3(Vo - v. 3 ^ -h W7}Y377 


28z =-■- {(Wb - V23) + Vv} Y2j- 
Vn 


( 8 ) 


or, as we may write thom,^ remembering that 
25y 


and 

where 


Y3=--y^ 
a 

:7){3e+e'), 

■ = f(® + eO, 


Vo 


To examine the nature of this aberration 
more closely consider the intersection of the 
rays with a sphere given by the equation 
1 ,/Y'3-|-Z'3\ 


X' 


where R is the radius of the sphere. 

Additional terms are thereby introduced into 
the right of equation (6), which are given by 


21 


■r,V 3 ){Y^ + Z% 


or, putting Z = 0, the further terms in 2 V 3 Y' are 


and in 2i;-Z' 






See “ Photographic Lenses," 8 (8) (il.) (a). 
“ See ibid. § (8) (11.) (r). 
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The additional term in Y® means that the 
ray through the centre of the stop for which 
r) = ^=0 strikes the sphere in a point at a 
different distance from the axis from that in 
which it meets the plane. 

The complete coefficients of the terms in 
Y^ti and become 

and - |^(^6 ~ • 

Thus the spreading of the light wliioh these 
terms imply disappears if surfaces of curvature 

^2 

and - A{K-^^aS)+^ 7 } 

be considered as the image surfaces instead of 
the plane given by X'' = l/V 3 . In other words, 
the defects are duo to the fact that pencils for 
which 77 is appreciable and f small come to a 
focus on a spherical surface having the former 
curvature, those for which 77 is small and f 
appreciable focus on a surface having the 
latter curvature. Thus the images are curved. 
Clearly, also, if e is finite the two spheres 
are distinct, no point imago is formed; the 
aberration to which this gives rise is known 
as astigmatism. These curvatures may be 
written -(Se+eO/Vg and (e + e')/ 7 ; 3 , and should 
be compared with the corresponding ex- 
pressions given in the articles on “Optical 
Calculations,” § (17), and “ Eyepieces,” | (4). 

(iii.) Go7na . — The next two terms ^ in the 
expressions for 5y and 8z are 

2va8y = {vg - V2W3®)(377® -t- f®)y -j 
2vgdz=2{vg-v^Vg^)r]^Y /’ 

and these may be written 

|=2(77®-)-n+(’?*-n 


and 


if 


=r®(2 - 1-008 26) 

= 277f=r® sin 26; 


ri=r cos 6, f=r sin 6, 

.•. {dy-2&yr^)^ + {dz)^—c^yh^. 

Thus the rays from a zone of the stop for 
which r® is equal to a constant pass through a 
circle in the image plane, the co-ordinates of 
whose centre are given by 2cyr\ 0, and whose 
radius is cyrK 

It will be noticed that dz~0, i.e. the rays 
meet the image plane in the axial plane z=0, 

* See “ Photographic Lenses,” § (8) (il.) (c). 


both when 77=0 and when s'=0. In the first 
case 


cy 


and in the second 

^y. 

cy 


■ .S 77 ® = 3r®. 


Thus, in the second case the displacement of 
the image from its ideal position is three times 
as great as in the first. 

Again the rays from opposite ends of any 
diameter of the annulus of the stop, i.e. from 
points whoso co-ordinates are respectively 
77 , f, and - 7?, - 1 ", meet the imago plane in the 
same point. The complete circle in the image 
plane is formed by rays from half the annulus 
of the stop, thus when the oomjiloto annulus 
is considered the image circle is formed twice 
over. 

(iv.) Spherical Aberration . — Spherical aberra- 
tion ® is independent of Y ; it exists when Y 
is zero, or the light comes from a point on the 
axis of the system. In the expressions for 
2 i;oY' and 2vJL' wo have the terms 


-(^8- + 
and -(vo- + 

or, as wo may write them, 

■7 f 


( 10 ) 


These do not vanish with Y, and indicate that 
a ray from an axial point passing through a 
point 77f of the stop is not brought to a focus 
at the same point as a central ray for which 
X' is l/?^ 3 , but at a point for wliioh X' has the 
value given by 

A+is(77®-f-n, 

where S is a quantity depending on the 
spherical aberration. 

Wo find on maldng this assumption an addi- 
tional term in tho expression for 2vgY', 

iS(v2Y-Ua^)(7?a-i-n, 

and in that for 2iyaZ', 

The terms in ( 77 ®-!- f“) then disappear from our 
expressions for 8y and 8z if 


i.e, if 


iSVg-l-(Vo-Vs^)=: 0 , 
2(Vo-V t,^) 


s = 


which indicates different focussing pianos for 
light from an axial source passing tlirough 

* See Photographic Lenses,” § (8) (11.) (b). 
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distinct zones of the slot. The axial dis- 
j)lacement Sx of the focus is given by 

5a;=Ilr®, 

where, as before, r is the radius of the zone. 

In applying this analysis of the aberration 
to any actual system it must be borne in mind 
that, in order to obtain a satisfactory corre- 
lation between theory and the appearance of 
the imago, the intensity distribution derivable 
from theory must be considered in conjunction 
with the geometrical trace, and, further, that 
the theory must be modified to allow for the 
effects of diffraction whenever very small 
dimensions are in question. The appearances 
due to aberration are modified from those 
derivable from the foregoing theory of small 
aberrations. 


Lenses, concave, the testing of. See 
“ Lenses, The Testing of Simple,” § (3). 

Convex, the testing of. See ibid. § (1). 

Ophthalmic. See “ Ophthalmic Optical 
Apparatus,” § (8). 

Testing of Camera. See “ Camera Lenses, 
Testing of.” 

Thin, the theory of, and application of 
results to “ close ’ lenses. See “ Optical 
Calculations,” § (7). 

LENSES, THE TESTING OE SIMPLE 

Tub chief characteristics to be examined in 
the testing of a simple spherical lens are, 
firstly, the focal length, and secondly, the 
centering error, that is to say, any want of 
coincidence of the optical centre with the 
geometrical centre of the lens. In the case 
of a cylindrical lens attention must also bo 
paid to the orientation of the axis of the 
cylinder. 

The theory on which the tests are based is 
dealt with elsewhere.^ 

These tests are most easily cajrriod out on an 
optical bench such as is illustrated in Fiffs. 
1, 2, and 3. A standard at one end of the 



Fig. 1. — Optical Bench for testing the Lenses 
in Oculists’ Trial Oases. 


bench holds a collimator c (Fi^. 1) with illumin- 
ated vertical and horizontal cross-wires at 
‘ See “ Lenses, Theory of Simple,” 


its focus. At the other end, facing towards 
the collimator, is a microscope m which can 
be moved parallel to itself in a vertical or 
horizontal direction, while at its focus is a 
graticule M (Fiff. 2) engraved with vertical 



and horizontal cross-lines cutting symmetric- 
ally across a scries of concentric circles of 
radii 1, 2, 3 . . . mm. An endless steel tape 
i {Fig. 3), attached to a lona-holdor /q, and 
passing over a pulley at each end of tho bench, 
enables the observer to adjust tho holder to 



Fig. 8. — ^Travelling Carriage with Rotating Head 
on Trial Case Lons Testing Bench. 

any position along tho bench. Tho ])ortion of 
tho holder which grips the lens can bo rotated 
about a horizontal axis in lino with tho axis 
of the collimator. Tho Ions A, which is held 
in position by an adjustable screw s, can thus 
bo rotated in its own piano, tho amount of 
rotation being indicated on a circular scale. 
A second standard \ for holding an auxiliary 
Ions can bo placed on the bench at any point 
and its position road by means of a pointer 
working over a scale on tho bench. 

(i.) Convex Lenses . — Tho lens under test 
is placed in the holder /q and brought close 
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up to the microscope, the position of which 
is adjusted to bring one edge of the lens 
into the field of view. The screw holding 
the lens is adjusted so that on rotation the 
edge of the lens remains in a fixed position 
relative to the microscope cross - lines ; the 
geometrical centre of the lens is then on the 
axis of the bench. Next, the holder is racked 
along the bench until the lens focusses the 
collimator cross-wires on the graticule of the 
microscope. If the lens is rotated, any separa- 
tion of the optical centre from the geometrical 
centre will cause a corresponding rotation of 


For biconvex lenses of ec^ual radii and of 
considerable thickness a length ^ must be 
added to the back focal length to give the true 
focal length, t being the central thickness and 
fjL the refractive index of the lens. In obtain- 
ing this expression the sq^uare of the thickness 
has been omitted. For glass of refractive 
index 3/2 the correction comes to </3. 

(ii.) Use of Auxiliary Lens , — This method 
of measuring focal lengths is obviously 
applicable only to positive lenses whose focal 
length does not exceed tho available length 
of the bench ; with lense.s of longer focus 


Lens A 



Fia. 4. 


the central point of the image in a circle of 
radius equal to tho centering error in the lens, 
and by adjusting tho microscope to make this 
circle of rotation concentric with the circles 
engraved on the graticule, whoso radii are 
known, the centering error can be estimated 
to 0-1 mm. If, as in cases considered later, 
an auxihary lens is used between the test lens 
and the microscox)e, the magnification it 
produces must be taken into account when 
estimating the centering error by this method. 

When the lens A focusses the parallel rays 
from the collimator on to the graticule M (Fig, 


and with negative lenses a positive auxiliary 
lens must be used. Tlio arrangement is in- 
dicated in Figs. 5 and 6. An ocxuiconvex 
Ions B of suitable focal length is mounted on 
tho bcncli and its position noted when it brings 
parallel rays to a focus at tho graticule M 
Fig. 6). If Fji and Fg represent the foci of 
lens B, Fj will in this case coincide with M. 
Lot tho distance BjFg, determined as de- 
scribed before, bo p. The teat lens is then 
introduced between lens B and tho collimator 
(Figs. 6a, Gb), and tho position of each lens 
is road when together they bring tho rays 


Lens B 



4), the distance AM represents the focal length 
of the lens, neglecting the thickness of the 
latter. Tho position of A can be road on the 
tape, and the corresponding reading for M 
may be found by taking the tape reading 
when the lens is separated from tho graticule 
by a small gauge of Icnown length ; the 
difference between these readings for A and 
M will give the distance of the focus from the 
back surface of the lens, that is, the back 
focal length. If the Ions is thin, this will not 
differ from the true focal length by more than 
the probable experimental error. All plano- 
convex or plano-concave lenses should be 
tested with their curved surface towards the 
microscope, for then the second nodal point 
coincides with this surface and the focal length 
will be equivalent to the back focal length. 


to a focus at M. Let the distances AM and 
BjM be now g and r respectively. The 
formation of tho imago is shown for a positive 
lens in Fig. Ca and for a negative lens in Fig. 
Ob. In Fig. Oa parallel rays passing through 
A converge towards 0 ; 0 may therefore bo 
taken as a virtual object tho imago of which 
is produced by tho lens B at M. If B is 
cquiconvox and of thickness t, assuming a 
refractive index of 3/2, its first and second 
nodal points Ho within the lens at a distance ^ 
t/3 from B^ and Bg respectively; hence the 
focal length of B is p-}-f/3, while tho dis- 
tances of tho object 0 from tho first nodal 
point, and of the imago M from the second 
nodal point, are respectively BaO + itlS and 
BjM+t/3. 

‘ See " Lenses, Theory of Simple.” 
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Therefore, using 
f(u~v)=uv, we find 


the ordinary 








giving 


, t 

!?+3 


-3) 

= (b,o+|)(b,mh.') 

+'+s)(’-+5)’ 




(’■+?) 


,p-r) = 
Lens A 


formula i focal length of the auxiliary lens and depends 
only upon the amount of shift of this lens 
between the two positions, a measurement 
much less susceptible of error. The second 
formula is also independent of the thickness 
of the auxiliary lens ; if necessary, the formula 
may be modified to take account of the thick- 
ness of lens A. 

(iii.) Concave Lenses . — A third method is 
applicable for negative lenses only ; the 
arrangement adopted is indicated in Fig. 8. 
The lens B is placed in any convenient position 
so that lens A may first be adjusted to produce 
in conjunction with B an image of the colli- 
Lens B 



— 

1 

^ 1 






lA 

bJ 

iBa M. F 2 

Q 


Fig. ca. 


Lens Lens 
A B 


Pig 6b, 



Hence the focal length of lens A 



A similar formula is obtained in the case of a 
negative lens, illustrated by Fig. 6b. 

Another arrangement is sometimes prefer- 
able. In this lens A is placed between the 


mator oross-wrires at M, and afterwards may 
be placed at the conjugate point to M with 
respect to the lens B ; in Fig. 8, A^ and Aj 
represent these two positions. The position 
Aa is determined by dusting a little lycopodium 
powder on to the back surface of A, and 
adjusting A until an image of the powder is 
focussed by lens B at M. The distance moved by 
lens A between the two positions is equivalent 



auxiliary lens and the microscope (Fig. 7). 
Using the same notation as before, the same 
formula may be applied, this time connecting 
the distances of 0 and M from the lens A. 
Neglecting the thickness of A, we have 

/(AM-AO)=AM. AO 


,q{p+q-r)_ 


r-p 


r -p 


- 2 - 


It will be noted that with both arrangements 
the focal length / is independent of the actual 


to the back focal length ; the correction to be 
applied to obtain the true focal length is very 
small unless the central thickness of the lens 
is large. 

The accuracy obtainable by these methods 
is not very great, in the case of long focus 
lenses especially, but the limits of error are 
small compared with those which are per- 
missible in a simple lens used for a spectacle 
lens, and it is for lenses of this class that the 
tests are generally used. More accurate 
methods of focal length measurement, which 
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may also be applied to simple lenses, -will be 
found under the article “ Objectives, The 
Testing of Compound.” 

(iv.) Optical Standards Committee . — ^In 1908 
the Optical Standards Committee of the 
Optical Society laid down certain limits for 
the error permissible in the manufacture of 
spectacle lenses ; these have obtained recog- 
nition generally, and are the limits allowed in 
the testing of trial case lenses at the National 
Physical Laboratory. 

As the thickness of a negative lens may be 
kept small, no matter what the power may 


The maximum pcrmiHaiblo error in the marking 
of the cylindrical axis of a lens is 2° ; on a 3-8 cm. 
(1^ in.) lens this is equivalent to a displacement 
of each of the marks by 0-6 mm. ^ -p 

LENSES, THEORY OF SIMPLE 

§ (1) Gattss Theoey oe Lenses. — The 
simple theory of lenses developed below is 
duo to Gauss. It is assumed that the rays 
of light considered are nowhere inclined at 
more than a small angle to the axis of the 
lens ; that to any point in the object space 


Lens B 



he, the latter can be found with considerable 
precision by measurement of the surface 
curvatures, taking a standard value of 1-62 
for the refractive index of the glass. In the 
case of positive lenses the power is less inde- 
pendent of the thickness, especially with strong 
lenses ; it is the recognised custom, therefore, 
to make the standard power and thioltness 
of a positive lens such that it will exactly 
neutralise a standard negative lens of equal 
power. This method of neutx'alisation gives 
a simple means of checking one lens against 
another, and with experience on accuracy of 
at least D may be obtained. 

According to the rules adopted by the Committee, 
the true "power of a negative lens must not differ 
from the nominal value marked on it by more than 
+ 2 per cent, or by more than iO’Ol D if this is 
greater than 2 per cent. For positive lenses of powers 
less than 10 D the limits are the same ; for oqui- 
convex lenses between 10 D and 12 D inolusivo the 
limits of error are -I- 3 per cent and — 1 per cent, and 
for lenses between 13 D and 20 D inolusivo the limite 
are -|'2J per cent and —1 per cent. 

The standard thickness of all negative lenses is 1 
mm. at the centre. The standard thickness of a 
positive lens of any definite power is the minimum 
thickness possible for a lens of that power with a 
diameter of 3'8 cm. (11^ in.) and an edge thickness 
of 0-5 mm., the refractive index being 1'50.® This 
varies from 4’3 ram. for a 10 D lens to 7'8 mm. D 
for a 20 D lens. 

The limits of error allowable in the centering of 
a spherical lens are as follows : 

1 mm. for lenses between 20 D and 1 J). 

2 mm. for lenses between 0-87 D and 0'37 D. 

3 mm. for a lens of 0*25 D. 

5 mm. for a lens of 0'12 D. 

^ Beport of Optical Standards Committee on 
Standardisation of Trial Cases, 1008. 

’ An increase of 1 mm. in the thickness of a lens 
produces a change of power of — O-OO 1) in a lens 
of power 20 I), and —0 02 D in a lens of 10 D. 


there corresponds a point-image in the image 
space, and that the imago of a small line in 
the object space intersecting the axis at right 
angles is itself a small line at right angles to 
tiro axis in the imago space. 

Wo assume further, in obtaining the for- 
mulae, that light is travelling from left to 
right and that linos drawn in this direction 
are positive ; the radius of any spherical 
surface on which the light falls is thus 
positive when the surface is convex to tho 
light. 

§ (2) Lens Poemttlae. — Consider a ray PQ 
(J^iff. 1) converging to a point Q on tho axis AO 



of spherical surface AP ; it is refracted at tho 
surface and the refracted ray cuts the axis 
at Q', and if AQ = it, AQ'^w', A0=r, and the 
refractive index bo /x, we have 

ju. 1 1 

t? u~ r 


s^PQ^sinOPQ sin POQ" 

Tor M 


OQ^PQ' OQ.,AQ' 
"PQ bQ'“AQ OQ" 


when P is very near to A 
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Ilenoo 

and 


fj.u{v ' - r) — r) 

fX, 1 |U- 1 


( 1 ) 


Consider now the ease of light traversing a 
biconvex lens ACB^ {Fig. 2) ; the ray PQ' strikes 

C 



the concave surface at V' and is again refracted, 
cutting the axis at Qj. Let A'Qi=«i, the 
radius of the second surface be s and the thick- 
ness AA' bo t. We assume the medium on 
both sides of the lens to be the sameA Since 
the surface is concave to the light <s is negative. 
Also A'Q' = v' ~t, and wo have, the refractive 
index from glass to air being l/;a, 

_ A.. = - ( 1 / m ) - 1 - 1 

V v' -t S ILIS ’ 

1 _ M - 1 

V v'-l~ a ' ’ 

On substituting in (2) the value of v' derived 
from ( 1 ) and reducing wo arrive at an equation 
which may be written either as 


(2) 


or 

where 


__yu + 5 
au + 13’ 
_5-/3u 
av~y’ 


(3) 

(4) 




t 

ra (j. 
/A - 1 t 
f -f-5 


')■ 


1 - 


a yU’ 

t 

r (F 


5= - 


( 5 ) 


By substituting the values of a, /3, 7 , S, 
found above, we can also prove that 

a5-/37=-l. . , .(C) 

§ (3) Prinoipal Pool— I f in the above 
formulae we make 10 = 00 so that the incident 
pencil consists of parallel rays, we find 

i; = '^ = A'P' (say). 


^ For the more complicated case of a series of 
lenses see Optical Calculations.” 


P' {Fig. 5) is then the point known as the 
second principal focus. 

While if we make u = 00 so that the emergent 
pencil is parallel, then 

u= -~ = AP (say), 

and P is the first principal focus. 

If Q and Q' are any pair of conjugate points, 
then 

PQ . P'Q' = ( AQ - AF)(A'Q' - A'F') 

and this, on substituting for u and v, leads to 

. (7) 

§ (4) Maonipioation oattset) by Refrac- 
tion. — Wo can find an expression for the 
magiiifioation caused by refraction thus. 
Consider the rays converging to a small object 
QM {Fig. 3) at right angles to tlio axis of a 
single refracting surface AP with its centre at 



Pig. 3. 


0. An image M'Q' is formed at Q' and with 
the previous notation 

M _ 1 „M - 1 
v' /u r ' 

An incident ray such as LOM, which passes 
through the centre O and also through a point 
M of the object, passes on without deviation. 
Thus M', the imago of M, lies on this ray ; it 
will therefore bo the point where a line Q'M' 
drawn through Q' at right angles to the axis 
cuts LOM. Thus Q'M' is the imago of QM, 
and the magnification due to the one 
refraction is measured by the ratio of Q'M' 
to QM. Hence 

But we have already soon, § (2), that 
fou{v' - r) =v'{u ~ r). Thus 


1 v' 

iU u' 


... ( 8 ) 

Procooding^ now to the case of the lens 
{Fig. 4), the imago Q'M' formed by the first 
refraction is again magnified ^ at the second 

I In tlio figure as drawn the image Is diminished, 
not magalllod ; the magnification is loss than unity. 


LENSES, THEOEY OE SIMPLE 


169 


surface, and clearly we have similarly for this 
magnification the value m^ = /j.vl{v' ~ t). 

The resultant magnification m is the product 
of the two quantities nii and For 

Q'M' QiMi 

QM “ QM' ^ ^ 


Thus 


V 

v' ~t 


V 

v' - t' 



from equation (1) and using (3) and (4), wo 
obtain 

= =7-au. . . (9) 

§ (5) Peincipal Points oe Points oit 
Unit Magnipioation. — If, in the expressions 
for the magnification, we put m equal to unity 
so that the magnification is unity, the imago 
and object are of the same size, and we find 



^ + au = 1, 


or 

1~I3 

u= 

a 

• - (10) 

and 

7 — ai! = l. 


or 

^_7 - 1 
n. 

. . (11) 


The two points thus defined are points of 
unit magnification ; they are conjugate points 



Fig. 6. 


on the axis ; we denote them by PI and H' 
respectively (Fig. 5). They are known as the 
unit or piincipal points of the lens, and an 
image of a small object at riglit angles to the 


axis at one principal point will be formed at 
the other, and will be equal in size to the 
object. 

The first principal focus is, wo have seen, 
given by the equation 

AF= 

a 

and the first principal ]ioint H by 
1-/3 


Thus 


AH: 

a 

IIP = AP-AH = 


( 12 ) 


which gives the distance between the first 
principal focus and the first unit or principal 
point. 

Again, 


and 

Thus 


AU-r=l^~i. 

■ a 

HT' = A'F-AT-F 


(13) 


or the distances between the principal foci 
and the corresponding principal points are 
the same. 

§ (0) Lens Foemtjla when the Distances 

AEE MEASUEBD FROM THE PlUNOrPAL PoiNTS. 
— Lot Ui Vj. be the distances of the object and 
its imago from the first and second principal 
points respectively, then 

. , 1-3 


7-1 


On substituting these values in the equation 


wo obtain 


yu i- 5 
au 'I- (f 


1 


(14) 


If we put w = oo so that the oraorgont pencil 
is parallel, wo have 

1 

while if M = oo so that the incident pencil is 
parallel, we obtain 

I 


Thus as before 


and 


HF= 

I-PF' 


The distance H'F'' or 1/a measures the focal 
length of the lens. 
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§ (7) Nodal Points. — We can obtain ex- 
pressions for the magnification in terms of 
the distances and from the principal 
points thus, 

1 ^ 1 

^ 13+ au ^+ciU]^ + {l—p) 

^ 1 
1 -f- 

Or in terms of 


(16) 


i =7 - a ^ ~ 


(16) 


•But 

Thus 

Hence 

Thus in Fig. 6 


1 - at), = — • . 

1 Uj, 

% 

m— — 

^ % 


M'Q' H'Q' 

MQ HQ’ 

and the triangles MHQ and M'H'Q' are 
similar, so that MH is parallel to H'M’ or 
a ray incident through the first principal 



point emerges, parallel to its original direc- 
tion, through the second. We have thus 
another property of the unit or principal 
points -which are in consequence kno-wn as 
nodal points. 

The coincidence of the principal and nodal 
points is a consequence of the assumption 
that the first and third media are the same. 
In general, points having the property of 
nodal points can be found, but they do not 
coincide -with the principal points. 

§ (8) Applications to Bioonvbx Lenses. — 
The values of the constants a, 7 , ^ in terms 
of the form and refractive index of the lens 
are given in equations (5). 

Making use of these equations we obtain 
the following results for the positions of the 
principal foci and unit points neglecting 
powers of t above the first. We have 


AF= -( 1 = - 


a (M-l)(r-f 




fl-l t 
/j. ' r+s 


Vp/...7_. rs f /J.-1 _i 

~a~(fi-l)(r + s)['- IX • 

1 -p_ r t 


AH = - 


a r + s jx 


(17) 

t s\ 
r + s ' ry 

(18) 

• (19) 


A'H’=^ . ( 20 ) 

a r-t-s fx ' ' 

while for the focal length H'F' =/, we have 


/=HT'=- 

c 

1 rs f 
- 1 ■ r-|-s\ 


M- 


H- 


/tc - 1 _t_ 

IX ' r + s 


}. ( 21 ) 


If we put t = 0 in these expressions we 
recover the ordinary formulae for a thin lens. 

We may write the expression for the focal 
length as 

1 rs rs t 

''”"^-1 ’ j *-|- 5 '^( r - i -^)‘* IX 


=A + 


t 


(r-t-a)* ix’ 


. ( 22 ) 


where is the focal length of the lens treated 
as thin. In the case of an equiconvex lens of 
glass for which r=s, ix — 3/2 the value of the 
correcting term is t/6, while in the same case 
the principal points are within the lens and 
at a distance of t/3 from the vertices. If 
one surface, say the second, bo flat, then 5 is 
infinite, the correction to the focal length is 
zero. The value of AH is also zero, so the 
first focal point is on the curved surface of 
the lens, while for A'H' we have the value 
- tjfx or, talcing as before /i= 3/2, A'H'= - 2t/3, 
the secondary principal point is within the 
lens at a distance of 2/3 of the thickness from 
the flat side. 

§ (9) Bioonoave Lenses. — The above for- 
mulae have been developed for the case of a 
biconvex lens in air. Any other lens can be 
treated similarly, having due regard to the 
signs of r and a. 

Thus for a biconcave lens r is negative and 
a positive ; we have therefore to change the 
signs of both r and a in the above formulae, 
and find 

< .:},(23) 

I M r + s sJ ^ ' 


AF = 


{ix~\)(r + s) 


A'P': 


()“■ 


l)(r-|-a) 

AH 


I IX r + s r) 

. . (26) 


A’H'= - 

1 rs / 

, - 1 r -fal 


r t 
r + s ix' 
s t 
r + a ix’ 

1 M -1 i \ 
IX r + sf' 


(26) 

(27) 
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§ (10) General Cases. — Cases in which 
more than one lens occurs are dealt with by 
algebraical methods in the article on “ Optical 
Calculations,” to which the reader is referred. 
The practical application of the formulae to 
find the focal length and other properties of 
lenses is treated of in the articles “ Lenses, 
Testing of Simple,” and “ Objectives, Testing 
of Compound,” to which reference should be 
made. Microscope lenses are dealt with in 
the article “ Microscope, Optics of the.” 

§ (11) Aberrations. — No lens behaves even 
for rays which diverge from a point on its axis 
in exactly the manner described, and when 
the object point is not on the axis the diver- 
gences from the above theory are more marked 
stiU. 

The position ^ of the image point correspond- 
ing to a given object point can bo expressed 
in terms of the distance of the object from the 
lens, of a series of ascending powers of the angle 
between the axis of the lens and the central ray 
of the pencil which forms the image, and of 
the curvatures, thickness, and refractive index 
of the lens. In the above discussion terms 
involving the third and higher powers of the 
angle of incidence have been neglected, sym- 
metry ensures that no terms involving even 
powers of the angle occur. If, however, tho 
higher powers be included the theory developed 
needs considerable corrections.® These faults 
in the geometrical theory of strict linear 
correspondence between the object and imago 
space are known as aberrations. 

If we limit ourselves to third powers of the 
obliquity of the central ray, the aberrations, 
as von Seidel ® showed, are five in number, viz. ; 

(i.) Spherical Aberration . — Rays diverging 
from an object point on the axis, which reach 
the image from different zones of tho lens, 
strike the axis at different points ; the distance 
between the point of intersection of tho paraxial 
ray and that of a ray from any given zone of 
the lens measures the spherical aberration of 
that zone. 

(ii.) Coma . — The magnification produced by 
the different zones of the lens is not a con- 
stant ; hence the rays diverging from a point 
not on the axis of the lens are not brought to 
coincidence at one point in the imago space ; 
the intersection points of the rays from any 
given zone are distributed in a circle. The 
position of the centre and the diameter of this 
circle depends on the obliquity of the central 
ray of the pencil falling on the zone in question ; 
hence the intersections of the rays from the 
object point and a plane through the image 
point are distributed over a fan-shaped area 
whose position and dimensions depend on the 
obhquity. This defect is known as Coma. 


' See “Optical Calculations”; also “Telescope,’' 




ee " Telescope," § (3). 

“ See “Lens Systems, Aberrations of.’ 


(iii.) Astigmatism . — Tho rays of an oblique 
pencil diverging from an object point do not 
meet in one point in the imago space ; they do, 
however, pass through two “ focal lines,” lying 
approximately at right angles to each other. 
Of these the “ primary ” focal line is a short 
arc of a circle m a plane perpendicular to the 
axis of the lens, while the “ secondary ” line 
is more exactly a small figure of eight at right 
angles to tho circular arc. The lens is astig- 
matic, and tho nearest approach to point 
coincidence is a small circle, the “ focal circle,” 
lying between tho two focal lines, and this 
is in many cases treated as tho image of the 
object point. 

(iv.) Ciirvahire. — The focal circles corre- 
sponding to a series of object points lying in a 
plane perpendicular to the axis do not lie in a 
plane, but form a curved surface, cutting tho 
axis at right angles. Tho image field corre- 
sponding to a plane object field is curved. 

(v.) Distortion . — This is produced when the 
imago field is a point-for-point representation 
of the object field, but on a scale which varies 
with the obliquity of tho central rays of the 
pencil considered. Thus a straight line in the 
’object field at right angles to the axis will be 
Represented by a line in the image field, but 
this line will no longer bo straight. 

The above constitute von SoidoFs five 
aberrations. 

§ (12) CimoMATio Aberration. — The posi- 
tion of the image corresponding to a given 
object point depends on tho refractive index 
of tho material of the lens, and this vaidcs with 
tho wave-length of the light used. 

Tho ima,ges therefore fonned by light of 
different wave-lengths will vary in size, and if 
white light is employed tho resulting imago 
will show coloured fringes. This defect is 
known as chromatic aberration. Tho various 
defects are fully discussed in tho separate 
articles already mentioned, to which reference 
should bo made. 

For the general tlieory, “ Optical Calcula- 
tions.” 

For the telescope object glass, “ Tele- 
scope.” 

For the microscope, “ Microscope, Optics 
of the." 


Levelling, Errors in. See “ Surveying and 
Surveying Instruments,” § (36). 

Levelling and Levelling Instruments, 
See “ Surveying and Surveying Instru- 
ments,” §§ (29), (30) ; for precise levels, 
§ (31). 

Levelling Staves. See ” Surveying and 
Surveying Instruments,” § (32). 

Levels. See “ Spirit Levels.” 

Life-test (of Eleotrio Lamps). See “ Photo- 
metry and Illumination,” § (77) et sgq. 
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LIGHT, ABSORPTION OP— LIGHT, DIPPRACTION OP 


Light, Absorption op, in CoiiOiiEBD Glasses, 
examined by R. Zsigmondy. See “ Glasses, 
Coloured,” § (4). 

Tabulated results of R. Zsigmondy. See 
ibid. § (4). 

LIGHT, DIPPRACTION OP 

It is known ^ that the effect at any point of a 
wave of light may be found by calculating the 
effect due to each element of the wave and 
taking the sum. 

Now let the displacement ^ over a small 
area dS at a point Q [I'ig. 1) of a wave front 
be given by the expression A sin (27r/\)(i;f) 



where t is the time, we proceed to find the 
displacement at a point P where QP is equal 
to r. 

Since the intensity of the light, measured 
by its energy, diminishes as the square of 
the distance from the source and the energy of 
wave motion is proportional to the square 
of the amplitude, the amplitude will be 
inversely proportional to r. Moreover, since 
the disturbance at P has travelled from Q, 
a distance r, with speed v, the time occupied 
has been rjv. Thus the phase of the disturb- 
ance at P at time t will be the same as that 
at R, a time rjv previously. The amplitude 
is also clearly proportional to A, the amplitude 
at Q. Hence we have for the disturbance at 
P the expression 

bAdS . 27r, , . 

k being a constant factor, and the whole effect 
at P is found by integrating this over the 
wave surface through Q. It will depend on 
the limits of this surface. 

In this expression we have neglected the effect 
of the obliquity of QP to the directions of propagation 
and vibration at Q. We shall limit the discussion 
to the consideration of small areas about Q over 
wliich those angles do not vary much, and their effects 

^ See “ Light, Propagation of,” also " Light, 
Rectilinear Propagation of." 

* Displacement Is used as a general term, It may 
represent electric or magnetic force or may stand for 
an actual change of position of an electron, or of a 
particle of the other. 


may be considered constant and included in the 
factor h. 

We assume that the front of the wave is 
parallel to the jilano of the aperture. Take 
any point 0 in this plane as origin and two 
lines at right angles in the plane as axes of x 
and y respectively. 

Consider a plane through P parallel to tlie 
wave front and let a line 00' perpendicular 
to the wave meet this plane in O', let 00' be 
equal to c and lot f, q be the distances of P 
from 0' measured parallel to the axes, then the 
co-ordinates of P are f, q, c, and we have 


Thus 


?'®=PQ^ = (p -x)^ -h {q-y)^ + c^. 






Ap ~ + {q - y)^ . , , 

= — - - — approximately. 

The result obtained by substituting this 
value of r in the expression for the disturb- 
ance for certain forms of the aperture can be 
evaluated in terms of integrals known as 
Presnel’s Integrals.® 

We can, however, simplify tlio expressions 
by supposing the screen on which the effect 
is produced to bo far from the apoiture, so 
that 23, q, and c are large compared with x 
and y. 

In practice this is realised by placing a 
convex lens behind the aperture and observ- 
ing the effect on a screen at the principal 
focus of the lens. Wo have as the value of r 

r = c -I- 1 - 27?/ -I- .T® -I- 

and on this assumption wo can neglect + 
in comjiarison with the other quantities. Hence 

p® + g® 2px 2qy 
0 c 

. 2px 2qy 


r = c + ji 


where / is written for c + l{p^ + q^)lc.. But 
p and q will in all oases bo small compared 
with c, thus in the denominators we may 
replace c by f, and wo have finally 


-4- 


2px 2qy 

'T~ f‘ 


Moreover, d^ = dxdy, and the expression for 
the disturbance at P becomes 


/ 


y j dxdy sin 


J *r — t* ■*' 


sm Y I “2 w -y r y 


( 1 ) 


where / has boon written for r in the 
denominator. 

' Soo Preston’s Light, § 161 . 
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(i.) Rectangular Aperture. — The expression 
given in (1) applies to an aperture of any 
form ; thus for a rectangular aperture of 
sides 2a, 2b parallel to the axes of x and y 
respectively the limits -will be - a to +a and 
- 6 to +b, and we have 

Disturbance 


the integrals being taken over a circle of radius 

a. 

Let r, d be the polar cos of Q(a;, y) relative 
to 0. 

Then x=r cosd, dxdy=rdrd&; the limits 
for r are 0 to a, and for 6, 0 to 2t. 

The disturbance 


“S' -f+^+^y j 


On integrating this we find for the intensity 
at P, represented by the square of the resultant 
amplitude, the exj^ression 

or, as it may be written, 

where A represents the area of the parallelo- 
gram and 

2Trpa , 2irpb 

"'TT' ^=7r- 

(ii.) A Narrow Rectangular Slot. — An im- 
portant case occurs when one side of the 
aperture, say a, is very small in comparison 
with the other. 

The angle d is then always very small 
and the value of sin Ojd is unity. The 
amplitude then varies as sin (p/^. This has a 
maximum when (p is zero, it is then equal to 
unity; it is a minimum — zero — ^for 0 =7r, 27r . . . 
and a maximum for values between, which 
are given by the equation tan 0=0. These, 
it can be shown, are somewhat less than 
the odd multiples of ir[2 excluding the first, 
but gradually approach them. The intensities 
of these maxima decrease somewhat rapidly. 
Thus the field consists of a bright band in 
the centre flanked on each side by a series 
of dark lines, equally spaced, with bright banck 
of rapidly decreasing brightness between ; 
the distances between the maxima of the 
bright bands are unequal, but decrease as 
the distance from the central bright band 
increases. 

(iii.) Circular Aperture. — Another case of 
importance when dealing with optical instru- 
ments occurs when the aperture is a circle. 
The diffraction pattern wiU be a series of 
circles having their centre at the point where 
a normal to the wave front through the centre 
of the aperture meets the screen and the 
distribution of the light wOl be the same along 
any radius of these circles. We can find it for 
the radius through the axis of x for which q 
is zero, p will then be the distance of the 
point from the centre of the diffracted rings. 
Thus we have 

Disturbance J J dxdy sin ~ (vt " / » 


, j . . 2-ir / . J, pr cos 0\ 
rdrdd sin ^ yvt -Jr- — j — J 

rdrdd cos y , 


JcA . 2-71 r f J 7 fl 2-ir/prcos6\ 

=_smy(rt-/)JJ^ ,drd0eosy(^--), 

for the term in the integral involving the 
quantity sin (27r/\) {pr cos 6 If) clearly vanishes. 
The above expression can be integrated in a 
series,^ and we find 

Amplitude of disturbance 

(4) 

where m is written for the value of 
2'7ra p 

/• 

The quantity pjf measures the sine of the 
angular radius of a ring as seen from the 
centre of the aperture, or since it is small we 
may take it as the angular radius. The 
series can be shown to be convergent. It 
has a first maximum when m is zero and 
passes through a series of maxima and minima 
as given in the following table taken from 
Verdel’s Optique Physique : ^ 

Intensity of Light dieebacted by a 
C lECULAE AeEETUEE 


Maxima. 

Minima. 

mlir. 

Intensity. 

m/iT. 

Intensity. 

0 

1 

0-610 

0 

0-819 

0-01745 

1-116 

0 

1-333 

0-00415 

■ 1-619 

0 

1-847 

0-00165 

2-120 

0 

2-361 

0-00078 

2-621 

0 


If we call 0 the angular deflection of the 
rings as seen from 0 we have approximately 
m = (27ra/\)0; the diameter of the rings is 20, 
thus the diameters of the rings are given by 
the expression (m/’7r)(X/a), where mjir has the 
values given in the table ; the width of the 
first dark ring is thus 0-610 \ja. Hence the 
image of a point of light such as a star formed 
by the object glass of a telescope of aperture 
2ct is a disc having an angular breadth meas- 
ured from the centre of the object glass of 
0-610 X/a. This disc is surrounded by a number 

' See Preston’s Light, § 163. 

® See also iMd. § 163. 
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■of rings of rapidly decreasing brightness with 
dark spaces between in which there is no light. 

This assumes that the object glass is free 
from aberration, so that the wave from the 
distant point after passing the lens is accurately 
a sphere ■with the principal focus as centre. 

LIGHT, DOUBLE REFRACTION OF 

It is to Fresnel that we owe the earliest 
complete theory of double refraction applic- 
able to both biaxial and uniaxial crystals, and 
though he based it on the hypothesis of the 
vibration of ether particles, the laws at which 
he arrived follow rigidly as a deduction from 
the electromagnetic theory. 

If a particle in an isotropic elastic medium 
be displaced a short distance, the symmetry 
of the medium requires that the force called 
into play through the elasticity of the medium 
and which tends to bring the particle back 
to its equilibrium position should be in the 
direction of motion. The same is true if the 
displacement be electric or magnetic ; the 
electric or magnetic force of restitution is pro- 
portional to the displacement and acta in that 
direction. It may be written as Kp, if p is 
the displacement and K a constant represent- 
ing the electric — or magnetic — elasticity of the 
medium. 

But in an anisotropic medium which has 
different properties in different directions 
this is no longer true ; the forch of restitution 
is not, in general, oo-linoar with the displace- 
ment. 

In a crystal, however, there are three 
directions mutually at right angles along 
which the force of restitution is in the direc- 
tion of disjdacemont ; these directions are 
kno'wn as the axes of the crystal. Now 
suppose that the forces produced by a dis- 
placement p along each of the axes resj^eot- 
ively are a^p, b^p, and c^p respectively. 
Cdnsider a plane wave travelling through the 
crystal and construct an ellipsoid having its 
centre on the wave and its axes equal to 1 /a, 
1/6, and 1/c respectively. This ellipsoid was 
called by Fresnel the Ellipsoid of Elasticity. 
The wave front wo are considering ■wiU out 
the ellipsoid in an ellipse, and the direction 
of the two axes of this ellipse are found, both 
by theoiy and experiment, to be the only 
possible directions of 'dbration for light 
travelling in the direction in which the plane 
wave is being propagated. 

In an isotropic medium" the disturbance 
which constitutes the light can take place 
in any direction in the plane of the wave ; 
in a crystal it is resolved into two in the 
direction OP, OQ of the two axes of this 
ellipse. Moreover, it can be slmwn that these 
two disturbances travel with different speeds ; 
their velcoities are given by 1 /OP and 1/OQ 


respectively. The wave is thus split into two 
plane polarised waves, each travelling with 
the speed appropriate to its direction of 
vibration, and these velocities are, in each 
case, inversely proportional to the radius 
vector of Fresnel’s ellipsoid drawn in the 
direction of 'vibration. Moreover, the possible 
directions of vibration for any plane wave 
are the axes of the section of Fresnel’s ellipsoid 
by the wave. Thus a knowledge of Fresnel’s 
ellipsoid enables us to calculate the velocity 
of wave propagation in all directions in the 
crystal. It is shown in treatises on electricity 
that, on the electromagnetic theory of light, 
the quantities a®, 6 ^, are the three principal 
coefficients of inductive capacity of the medium, 
denoted usually by K^, Kg, K 3 . Again, it 
is kno’wn ^ how to determine the wave surface 
in any medium, crystalline or isotropic, when 
the velocity of wave propagation is kno'wn for 
all directions. 

To describe the wave surface corresponding 
to an interval of time t we draw all possible 
wave fronts in the positions they would occupy 
at the instant t and describe the envelope of 
the series of planes thus obtained. 

When this is done for a crystal in which 
the wave velocities are determined, as de- 
scribed above, a surface of somewhat com- 
plicated form is the result. The surface, known 
as Fresnel’s wave surface, has two sheets, and 
its sections by the three principal pianos of the 
crystal are in each case a circle and an ellipse. 
Assuming that a, b, 0 are in descending order 



of magnitude, the sections will bo as sho-vm in 
Fig. 1 . 

In this figure Ox, Oy, Oz aro the three 
crystallographic axes. Along them distances 
OA, OB, etc., are taken, such that 

OA = OA'=a: OB = pB' = 6 ; OC = OC'=c. 

A A', BB', and CC' are joined by circles of 
radii a, b, c respectively, wlulo ellipses of 
semiaxes b and c, c and a, and a and b respect- 
ively join BO', CA', and AB'. 

The circle BB'' cuts the ellipse CA' in P, 

^ See article “Light, Propagation of." 
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and RQ is a common tangent to both circle 
and ellipse. 

If Tve imagine the curve A'A to be turned 
about Oz so that A always lies on the ellipse 
A.B', the shape of the curve altering according 
to the law given by Fresnel until, ultimately, 
it coincides with ATB', it will trace out one 
octant of the outer sheet of Fresnel’s wave 
surface. 

Similarly, if BO' rotates about the same axis, 
0' remaining on the circle C'C, wliile the shape 
alters as required by Fresnel’s laws until the 
curve coincides with BBC, it traces out the 
inner sheet of the wave surface. 

Careful experiment ^ has verified to a high 
degree of accuracy the fact that this surface 
does represent the form of the wave in a 
biaxial crystal. 

The quantities a, b, c measure respectively 
the velocities of waves in which the vibrations 
are parallel to the three axes respectively ; 
thus the refractive indices corresi^onding to 
these waves are 1/a, 1/6, and 1/c. If the 
mean refractive index 1/6 diifiers less from 
the minimum 1/a than the maximum 1/c 
differs from the mean, i.e. if 1/6 -1/a is less 
than 1/c - 1/6, the crystal is said to be positive ; 
if, on the other hand, 1/6 - 1/a is greater than 
1^-1 /6, the crystal is negative. 

According to the construction already ex- 
plained, in order to find the position of the 
wave front which, after a time t, corresponds 
to a given wave front XY, we describe the 
wave surface for time t, taking any point in 
XY as centre, and draw a tangent plane 
parallel to XY. 

It is clear from the shape of the surface 
that two such planes can, in general, be 
drawn, one toucMng each sheet ; thus a given 
wave travelling through the crystal will break 
up into two ; each of those will, as has already 
been pointed out, be polarised. The lines 
joining the centre of the surface to the points 
of contact of these two tangent planes are 
the rays /jorresponding to the two wave 
fronts. 

But it is clear also, from the figure, that in 
the plane perpendicular to the mean axis in 
which the circle of radius 6 intersects the 
ellipse semiaxes a and 6 in the point P, there 
is a common tangent RQ to the ellipse and 
circle, and a plane through RQ at right angles 
to. the plane xOz touches both the ellipse 
and circle. In the direction of the normal to 
this plane there will be only a single wave. 
The line OQ, which is at right angles to this 
wave, is known as an optic axis of the crystal. 
There will be a similar axis lying also in the 
plane zOx, but on the opposite side of O*. 
Thus the crystal has two optic axes ; light 
waves travelling along these are not doubly 

' Glazebrook, “ Plane Waves In a Biaxial Crystal," 
Phxl. Tram., 1878. p. 287. 


refracted. We can put this from another point 
of view, thus : The wave velocities are deter- 
mined by the two axes of the elliptic section in 
which Fresnel’s ellipsoid is cut by the plane 
of the wave. But an ellipsoid has twO' sections 
which are circular. If then the wave coincides 
with either of these, the two velocities of 
pro.pagation become equal, each being equal 
to 6, for this quantity can be proved to bo 
the reciprocal of the radius of the circular 
spction. Thus the two waves which, in 
general, are found, in this case coalesce and 
travel through the crystal with velocity 6. 
The normals to these two sections are the two 
optic axes. 

The optic axes lie in tho piano containing 
the axes of greatest and least velocity. Those 
axes bisect tho angles between tho optic axes, 
and are known as tho acute bisectrix and tho 
obtuse bisectrix of the angle between the 
optic axes. 

A special significance attaches to the line 
OP joining 0 to P, tho point of intersection 
of tho circular and elliptic section of tho wave 
surface. It is clear from tho figure that two 
tangents can be drawn to the surface, touching 
it at the same point P ; one of these touches 
the circle, tho other the ellipse. The full 
investigation shows that, in reality, tho surface 
has a tangent cone at P, and any plane touch- 
ing this cone is also tangent to tho surface. 
Now the ray corresponding to any wave 
plane is tho fine joining tho centre to tho 
point in which tho i)lano touches the surface. 
All tlio pianos, then, which touch tho surface 
at P have the same ray and tho same ray 
velocity. Thus tho lino OP is known as tho 
axis of single ray velocity. 

We arrive at the case of a uniaxial crystal 
by supposing two of the principal velocities 
to become equal ; suppose, for example, that 
a~b I then Fresnel’s ellipsoid becomes a 
spheroid, with axes 1/a and l/c, generated by 
the revolution of an ellipse about tho axis 
Oz, The optic axes close up to this line. 
The section of this spheroid by any plane 
through its centre, other than tho plane of 
xQy, is an ellipse, but one axis of each of these 
ellipses is equal to 1/a ; thus one wave of the 
two into which an incident wave is divided 
travels with constant velocity a and is refracted 
according to the ordinary law ; tho other 
suffers extraordinary refraction. 

The wave surface becomes a sphere and a 
spheroid, the points A'B' of Fi(/. 1 coincide, 
while tho olHpse AB becomes a circle of radius 
a. The points Q, P, and R all coincide with 
A' and B'. Thus Huyghens’ construction, 
described earlier, follows as a deduction from 
Fresnel’s more general theory. This also has 
been verified by experiment,® 

® Glazebrook, " Double Befractlon and Dispersion 
In Iceland Spar,” Phil. Trans,, Part 11., 1879, p. 421, 
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§ (1) Introduction. — Light filters are used 
in many branches of physical work to modify 
the intensity or colour of the light passing 
through them. Either liquid filters in the 
form of solutions, or solid filters consisting 
of coloured glasses or stained films are com- 
monly employed, though in some special cases 
gases have been used as filters.^ 

Liquid filters consist of solutions of coloured 
salts or dyes held in glass troughs with parallel 
sides, while coloured glasses and stained films 
of gelatine or collodion are used in a great 
variety of forms. The use of solutions has 
the advantage that they are very readily 
prepared and that, if they consist of inorganic 
salts, they are easily definable, so that standard 
filters can be prepared from a published 
description. To a lesser extent the same is 
true of dye solutions, but since dyes vary 
considerably in their purity, it is more difficult 
to state formulae for liquid dye filters in a 
form Avhich can easily be duplicated, and 
solutions of dyes are often unstable, the dyes 
changing or precipitating. Such liquid filters 
are therefore often. the cause of unsuspected 
errors. 

If coloured glasses could bo obtained .in a 
groat variety of absorptions, and could be 
reproduced exactly, they would undoubtedly 
bo the most convenient for filters of all lands. 
They are usually very stable to light, extremely 
convenient in use, not easily being damaged, 
and are cheap to produce, since it is only 
necessary to grind the two surfaces of the 
optical glass to optical planenoss and to make 
the filter of a definite thickness. Unfortu- 
nately, it seems to be very difficult for glass 
makers to reproduce the colour of different 
meltings with any a]rproach to exactness, and 
the number of coloured glasses available is 
quite limited, so that it is not possible to 
obtain in glass filters an approach to the range 
of colour which is available by the use of dyes. 

The earlier stained filters wore made by the 
use of collodion in which basic dyes wore 
inooryjorated, but the difficulty of coating 
collodion accurately upon glass, as also the 
unsatisfactory nature of most of the basic 
dyes, has led to the almost complete replace- 
ment of collodion by gelatine as a vehicle for 
the acid dyes which are now used for the 
preparation of light filters. Modem gelatine 
light filters are therefore prepared by coating 
gelatine containing the necessary dyes upon 
plate glass, the coating being done by means of 
one of the coating raaobinos commonly used 
for the preparation of photographic plates. 
The gelatine film, after drying, is stripped off 
the glass and can be used as a gelatine film 

‘ Thus hromino gas has been iiserl as a filter for 
the ultra-violet by U. W. Wood and Plotnikofl. 


filter or can be cemented between optical 
glasses of any required quality by means of 
Canada balsam. 

On a small scale, filters are generally made 
by coating the glass to be cemented with the 
dyed gelatine and then cementing a cover- 
glass directly on to the dry gelatine film. 
This method is not advantageous on the large 
scale, since the coating of the large glasses 
is tedious and expensive ; the coating is hkely 
to vary in thickness from the centre to the 
edge owing to surface tension, and there is 
always danger that the drying gelatine in 
contracting will bend the glass, thus inter- 
fering with its optical properties. This latter 
difficulty can be mitigated to some extent 
by the addition of glycerine to the gelatine 
solution when coating the glass. 

The colour of a filter is of course conditioned 
by its selective spectral absorption ; thus a 
red filter absorbs the blue and green regions 
of the spectrum, a blue filter the red, yellow 
the blue, and a green both the red and the 
blue regions. This selective absorption is 
best expressed by means of the absorption 
curve of the filter, which can be measured by 
moans of a spectrophotometer. The filter is 
placed in front of the instrument, and the 
light passing through the filter and also 
passing into the instrument without going 
through the filter is analysed in the spectro- 
scope. A narrow region of the sj)ectmm is 
isolated, and the absorption of the filter for 
each region of the spectrum in turn is measured 
photometrically. Then, if I be the intensity 
of the light passing through the filter, and Iq 
that which has not undergone absorption, the 
transparency of the filter will be 1 / 1 ^, and this 
is usually expressed as a percentage if the 
transmission is required. From Lambert’s 
law, however, I=Iae-^'‘^.2 This is more con- 
veniently written using 10 as the logarithmic 
base, and for a light filter in which the thickness 
is constant it becomes 

I=IolO-®, 

where E is the absorption constant of the 
filter, and consequently 

E=-log~. 

As a result of the Fechner law, absorption 
curves of filters expressed by plotting E 
against X correspond more accurately to the 
appearance of the transmission as seen by the 
eye than those obtained by plotting the 
transparency, and these curves are used 
throughout the literature dealing with light 
filters, 

* It seems to be cxistomary to refer to this ns 
"Lambert's law,” but the originator of it was 
Bouguor (sec his JSsmi d’optidun, 1729), and the law 
of the absorption of light should certainly be called 
" Bouguer’s law.” 
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Following Potapenko/ light filters are 
classified preferably according to their absorp- 
tion spectrum and not according to the purpose 
for which they are to be used, since if this 
latter course is taken the same filter will bo 
classified in many different ways; thus the 
red filter suitable for three-colour photography 
is also used as a contrast filter in. commercial 
photography, as a photomicrographic filter, and 
in spectroscopy,- while there are undoubtedly 
many other uses to which it can be put. 
Classifying filters, therefore, according to their 
spectral absorption, we may divide them into : 

(i.) Selective filters, which transmit only a 
selected region of the spectrum, more or less 
narrow. 

(ii.) Compensating filters, which have a more 
gradual absorption, and which transmit in 
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greater or less intensity praoticnlly the whole 
spectrum. 

(iii.') Subtractive filters, which remove only 
a small portion of the spectrum, transmitting 
the remainder, so that for every selective 
filter we can theoretically have a corresponding 
subtractive filter. 

The selective and subtractive filters will 
therefore have a comparatively sharp absorp- 
tion curve, while compensating filters will 
generally bo gradual in their absorption. 
Monochromatic filters (which is the title used 
by Potapenko for the filters here called 
selective) are those which transmit only a 
narrow region of the spectrum, so narrow that 
the term monochromatic is not entirely in- 
appropriate, though it must bo understood 
that no filter can be strictly monochromatic 
in the true sense of the word unless used with 
a linear emission spectrum. An example of a 

' G. V. Potapenko, Journal Russian Phi/sical and 
Chemical Sociel)/, 1910, xlviiJ. 790; English transla- 
tion, British Journal of Phologravhy, 1021 , Ixvlll. 507. 
This is by far the fullest and best article publlsiiod 
on light filters. 


selective filter is shown mFig. 1, which is the 
absorption siiectrum of a typical green filter 
used in three-colour photography. Fig. 2 
shows a narrow banded monoohromatic filter ; 
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Fig, 3 a compensating filter used for com- 
pensating the spectrum of a vacuum tungsten 
lamp to balance dayligh t ; and Fig. 4 is the 
subtractive filter which is complementary to 
the green filter shown in Fig. 1. 

§ (2) Appuoation of Lioiit .Frr4T.ffiR3 — 
Photooeaptiv. — Filters used in photography 
may be classified according to their use under 
the heads of : 

(i.) Orihochromalic fitters, used to correct the 
soloctivo sonsitivenoss of photographic materials 
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in order to give a reproduction of the bright- 
ness of coloured objects more closely opproxi- 
mating that porcoivod by the eye. 

(ii.) Contrast fillers, used solootivoly to modify 
the brightness of some special colour or group 
of colours. 

isf 


YOL. IV 
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(iii.) Selective filters, for two- or three-colour 
photography, with their corresponding synthetic 
projection filters if the processes of colour 
photography used are of the additive type. 

(iv.) Compensating filters, used to adjust the 
light entering a photographic system in order 



Wave length 

Fig. 4. 

to fulfil some particular condition required in 
colour photography. 

(i.) Orthochromatic Filters . — Since iihoto- 
graphio plates are more strongly sensitive to 
blue light than to any other spectral region, 
and since the maximum of the visual sensitive- 
ness is in the yellow -green, 
and the blue and blue -violet 
are comparatively dark 
colours to the eye, ortho- 
chromatic filters are yellow 
in colour and absorb the 
ultra-violet, violet, and to a 
lesser extent the blue. The 
orthochromatic filters used in 
photography often do not 
perform their task completely, 
since the removal of the 
light of short wave-lengths 
naturally increases the ex- 
posure, and it is often 
impossible to give sufficient 
exposure to use the filter re- 
quired for complete correc- 
tion. It is very common, 
therefore, in photography to compromise by 
using a filter which removes most of the 
violet and ultra-violet but does not fully 
correct the uneven sensitiveness of the plate. 

The earlier orthochromatic filters used by 
photographers wore made of glass which was 
coloured by carbon in the pot, and which 
was brown rather than yellow, transmitting 
a largo amount of ultra-violet light ; and 
even when dye filters were used, dyes which 


transmitted a large amount of ultra-violet 
light were often employed through lack of 
.sufficiently rigorous spectroscopic examination. 

The number of dyes suitable for the prepara- 
•tion of orthochromatic filters is very limited. 
Of those giving a sharp absorption in the 
violet, with a complete absorption of the ultra- 
violet, picric acid and the pierates are the 
most satisfactory, but unfortunately tliey are 
very unstable’ and can scarcely be used in 
practice. Until 190(5 the best dye available 
was Tartrazino, but this has a veiy consider- 
able transmission in the ultra-violet and was 
replaced for filter-making in that year by a 
dye manufactured by the Hoochst Dye Works 
under the name of “ Filter Yellow.” During 
the war, a dye having almost as great stability 
as Filter Yellow with a considerably sharper 
absorption was prepared from phenyl gluco- 
sazono and was used for light filters, especially 
for aerial x)hotography, under the title of 
“ Eastman Yellow” {Fig. fi). 

In order to enable landscapes to be taken 
in which tlie clouds are well rendered without 
unduly increasing the exiiosure, graded filters 
have boon em])loyed, those being placed in 
front of the lens in such a way that the 
strongly absorbing region of the filter corre- 
sponds to the sky and the weaker absorption 
to the foreground, h’iltors are sometimes made 
having the upper half coloured and the lower 
part clear, which soom to be as satisfactory in 
practice as tho graded filters, provided they 
are not used too far from tho lens. A complete 


Fig. 6. 

discussion of the use of graded filters will bo 
found in a paper by J. 'Weissmann.^ 

(ii.) Contrast Filters . — Tho preparation of 
contrast filters is in many ways easier than 
that of orthochromatic filters, sinoc many dyes 
are available for tho proi)aration of red or 
green filters. The greatest difficulty arises 
when it is necessary to remove tho extreme 
red from a green or blue filter. Only one blue 
' Pholographisclie Rundschau , 1918, p. 182. 
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dye and three green dyes are known ’wMch 
have not a sharp transmission band at the 
red end of the visible spectrum. These are 
Toluidine Blue, which has no transmission 
band in the red of shorter wave-length, than 
750 Anthraquinone Green, which is the 
green dye corresponding to Toluidine Blue; 
Filter Blue-Green, of which the composition 
is unknoiTO, but which extends in absorption to 
at least 800 /x^ and at the same time has greater 
transmission in the green than Anthraq[uinone 
Green; and Naphthol Greon, which absorbs 
at least as strongly as Filtor Blue-Green, but 
which unfortunately has a great deal of general 
absorption, especially in the blue-green and 
blue regions of the spectrum, so tliat it is 
impossible to use it in blue filters, and it 
greatly lessens the transmission of green 
filters. Since the first throe of these dyes 
have only been introduced in the last twelve 
years, the older blue and green light filters all 
show a very considerable transmission of red 
light. Attempts have been made to diminish 
this by the use of Methylene Blue, but un- 
fortunately this dye is unstable and is rapidly 
destroyed by heat, so that it is not at all 
suitable for use in light filters. 

A set of contrast filters which will satisfy 
almost all photographic requirements will 
include a strong yellow filter cutting at about 
600 /x/x ; an orange filter cutting at 570 /x/x ; a 
red cutting at 590 /txg ; and a deep rod cutting 
at 610 /x/x, in addition to tlie orthoohromatio 
filters and to green and blue filters which can 
conveniently be those used also for tricolour 
photography. 

(iii.) Selective filters used in colour photo- 
graphy will include for ordinary work a set 
of red, green, and blue filters so adjusted that 
they just overlap and that they give approxi- 
mately even exposures when used with 
daylight upon the most highly sensitive 
panchromatic plates available. For colour 
cinematography a somewhat lighter set of 
filters may be used, though it is not possible 
to lighten the red filter very much, a filter 
cutting at 676 /x/x being the lightest filter 
that can be used to give at all satisfactory 
rendering. 

For two-colour photography as deep a red 
filter is required as for three-colour work. 
The exact shade of the two-colour green filter 
has been a matter of some discussion and a 
good deal of experiment. Most workers use 
the tricolour green, though a somewhat bluer 
green has often boon advocated. The dis- 
advantage of too blue a green is that foliage 
and grass tend tC' be reproduced as brown, 
and for taking filters for two-colour work the 
tricolour red and green filters would seem on 
the whole to he the most suitable. 

In the additive projootion processes the 
filters must be adjusted to the light source 


used so that the screen is white. For most 
work the same red and green filters that are 
u.sed for talcing will be satisfactory for tri- 
colour projection, a lighter blue being used 
according to the colour of the illuminant 
employed. For two-colour projection filters 
a much bluer green than that used for taking 
is naturally required, and the filter should he 
rather a blue-green than a green. 

(iv.) Compensating filters are of special im- 
portance in connection with the screen plate 
processes of colour photography. In these 
processes the three-colour unit filters of the 
screen must be adjusted in area and colour so 
that the screen itself is neutral when looked 
at by a white light, while the emulsion sensitive- 
ness, the colour of the screen emits, and the 
compensating filter must be so adjusted that 
greys are reproduced as greys in the finished 
picture. Normally, the emulsion has pre- 
dominating blue sen.sitiveness, and the 
compensating filter must therefore be yellow, 
though not infrequently a brownish or pinkish 
filter is required. Such compensating filters 
are usually adjusted by trial and error. 

§ (3) Photomkthy. — When comparing light 
sources of different colours upon the photo- 
meter the colour difference introduces difficulty 
in making an accurate balance. This difficulty 
can be much lessened by the use of a colour 
filter adjusted to equalise the colour in the 
two fields of the photometer, the transmission 
of the filter being first determined by a set 
of observations. Such photometric filters will 
be of two types : yellowish filters for reducing 
high efficiency lamps to the colour correspond- 
ing to lower efficiencies, and bluish filters for 
the inverse process. The absorptions of such 
filters must naturally be gradual, and they 
should not display any very marked spectral 
bands or rapid changes in their spectral curve. 

§ (4) MiOROsoopy. — For photomicrography 
filters are employed especially in the photo- 
graphy of stained sections or other objects dis- 
playing strong colour. Thus, if any colour is 
to be rendered as dark as possible, it must 
bo viewed or photographed by light which is 
absorbed by the colour, that is, by light of the 
wave-lengths contained within its absorption 
band. On the other hand, when a subject 
is of a uniform colour, in order to render detail 
it must be examined by the light which it 
transmits ; thus, if the usual insect prepara- 
tions, which are strongly yellow, are photo- 
graphed by bine light as on an ordinary plate, 
a black detaiUess mass is shown in contrast 
to the background, while the use of a strong 
yellow or red filter %yill enable the whole of 
the detail of the structure to be photographed. 
Filters for microscopy are arranged so that 
they can be used in pairs, the spectrum being 
thus divided into monochromatic portions. 
By the examination of any specimen through 
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these filters singly and in pairs the best 
choice of the filters for use can be made. 
Light filters are also valuable for visual use 
with the microscope. Thus, blue and green 
filters are convenient for modification of the 
intensity of the light and for the restriction 
of the spectral region used in visual work. 
A deep blue filter is especially useful where 
the highest resolving power visually possible 
is required, as in the visual examination of 
diatom structures. Yellow, orange, and red 
contrast filters are convenient in the observa- 
tion of detail in insect mounts or as contrast 
filters for stained preparations. 

§ (6) SpEOTRO.SOOPY, PHOTO-CHEMIvSTRY, eto. 
— Light filters are often used in spectroscopy 
for the elimination of portions of the spectrum, 
such as the absorption of other orders when 
using a grating spectroscope. They are also 
of particular service in spectro-iihotomotry 
for the elimination of scattered light. When 
using an absorption spectro-photomotor fiu’ 
the measurement, for instanoo, of a solution 
of bichromate, suppose that the slit is set 
just inside the absorption band ; then, one 
of the spectra is darkened throughout its 
length by the equalising apparatus, while in 
the other speotrum the rod, orange, and yellow 
are entirely undarkonod. The light from 
these regions of the spectrum will be scattered 
throughout the field and will cliango the 
apparent colour of the green or blue light 
transmitted by the solution at the edge of the 
absorption band. Satisfactory results in the 
use of the mstrument can be obtained by 
the employment of filters which will absorb 
the whole of the red and yellow light, trans- 
mitting only the region in which measurements 
are required. 

Monochromatio filters are often of use in 
spectroscopy and in general physical work, 
but unfortunately it is not possible as a general 
rule to get monochromatic filters of great 
efficiency. The transmission of most mono- 
chromatic filters is only 10 per cent or less 
if the filters are really narrow, and this loss 
of light seriously limits their application. 
There is one monochromatio filter, however, 
which is very efficient. This is tlio filter 
resulting from the employment of didymium 
salts, which have an extremely sharp absorp- 
tion band between 650 ju/a and 680 juju, thus 
cutting out very cleanly the mercury yellow 
lines. By the combination of this filter with 
a strong yellow filter, the green line of the 
mercury lamp can he obtained in high intensity 
and almost entirely free from other radiation, 
thus supplying the strongest monochromatic 
source of light known. This is of particular 
advantage in work with the intorforomoter. 

§ (6) OPTrOAL Pboperties. — The optical 
effects produced by the use of colour filters 
in front of lenses may bo divided into 


two classes : the first includes those resultmg 
from the use of a theoretically perfect 
filter ; the second, those which result from 
imperfections in the filters, that is, from 
departures from conditions of plane parallelism 
in the faces and of equality in thickness 
between the filters of a sot. Computation 
shows that the eficcts resulting from the use 
of perfect filters arc too smnll to bo of any 
practical importance, the elTcct both on 
spherical aberration and on curvature of 
field being well witliin the limit of tolerance, 
while the olfect of tho (lis])ersion on the 
difference in imago size between different 
colour filters of a set is also negligible. The 
effects upon tho definition and sizo of image 
introduced by the use of filters which arc 
imperfect are very much more complicated 
than those which result from tho nso of perfect 
filters. Since tho cri’ors of surface may bo 
of any typo, tho investigation of the effects 
produced can only bo porforinod experiment- 
ally. Tho most convenient testing apparatus 
consists of a telescope objective of about 
four feet focal longtli on which tho filter is 
placed, tho imago of a tost object being 
exammod by moans of an oyepiooc.'^ 

0. e. k. m. 
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§ (1) Inthoduotion. — Tho problem of tho 
intorforonoo of light and its historioal develop- 
ment are closely bound uj) with tho question 
of the nature of light. Two thoonos of light 
have hold sway at different fxu'ioda in tho 
history of optical science, nanujly, the wave 
theory and the cor])UH(!ular or omission theory. 
According to the fornror, which was first 
dofinitoly prc)])o uncled by Huygens in 1678, 
light is a wave motion pro[)agated in a con- 
tinuous hypothetical medium called tho ether, 
which is supposed to pervade all space. 
Although Huygens regarded tho waves as 
longitudinal, he was able to explain a number 
of phenomena, such as rolloction and refrac- 
tion, but ho could not account for tho recti- 
linear propagation of light. I'or this reason 
tho theory was not accepted by Newton, who 
elaborated the oorpusoular or omission theory, 
aooordmg to which luminous bodies emit 
material oorpusclos wliieh travel along straight 
paths, the sensation of vision being produced 
by the moohanioal impact of these corpuscles 
on tho retina. This theory leads to tho 
corroot law of refraction, but it also loads to 
tho result that tho velocity of light should 
bo greater in a donso medium than, in a loss 
dense one. Tho opposite result follows from 
tho wave theory and has l)oon experimentally 
];)rovocl to Ijo correct ; this forms a crucial 

' Cp. 0. Til. K. Mees, British Journal of Photography, 
1917, p. ‘102. 
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test of the two theories. The fact that the 
emission theory was not finally overthrown 
until the beginning of the nineteenth century, 
when interference was explained on the 
basis of the wave theory, is largely due to 
its being held by such a great authority as 
Newton. 

§ (2) Mathematioal Analysis. — The inter- 
? ference of light may, according to the wave 

theory, be exj)ressed in mathematical form 
as follows. 

The general differential equations of wave motion 
" in a homogeneous medium are given by 


dfi 


=V2 


+"02/2+022; 


and similar equations in y] and whore t is the time, 
(a:, y, z) are rectangular co-ordinates, V is the 
velocity of propagation of the wave motion, and 
(f> f) 2<ro, according to the elastic wave theory, 
the components of the displacement of an other 
particle from its position of rest or, according to 
the electromagnetic theory, the components of the 
eleotrio or magnetic field strengths. 

When the disturbance travels in the direction of 
the X axis this reduces to 


3i2 0a:2* 


Confining our attention to the case of a 
wave propagated along tho direction of the 
X axis and writing X for .Vt, wo find that the 
disturbance in the wave may bo reiiresentod by 
the equation 

^=Aco8y(t-:®)=Acos 


This represents a wave, for at a given point 
— ^for which x is constant — the motion repeats 
itself at times t, t+r, t+ 2r, etc., and at a given 
time — ^for which t is constant — it repeats 
itself at the points x, x+X, a;+2X, etc., or 
cc, a;-b Vr, a;-|-2VT, etc. Thus it can be repre- 
sented by a cosine curve, repeating itself at 
lengths X, 2X, . . . which moves forward with 
speed V. 

A is the amplitude, t the jjeriod of 
vibration, and X the wave-length of the 
vibratory motion of the ether particle. The 
intensity of such a light wave is proportional 
to A®, for it is proportional to tho kinetic 
energy of the vibrating ether particle, and 
this in turn varies as the square of the velocity 
of vibration ; the velocity is given by the 
equation 


and the average value of its square is pro- 
portional to A®. 

We may now consider tho effect of two 
fight waves of the same period propagated in 
a homogeneous medium, tho vibrations being 


supposed jmrallel. They may be represented 

by 

?i=AiCOs27r 

and ^ 2 = Aa oos 27r^~~ , 

where A^, are the amplitudes of the two 
motions, and 27r5/X is the phase difference, 
that is, tho crests of the one wave are always 
a distance 5 ahead of those of tho other. 
Now, according to tho principle of tho suj)er- 
position of wave motion, tho resultant motion 
of a xiarticlo simultaneously subjeoted to a 
number of different displacements is obtained 
by summing up tlie components of these 
displacements. Thus in tho case of the two 
given light waves tho resultant displacement 
is given by 

f f 1 -h fa = ^Aj + Aa oos cos "w ^ 

-I- Aa sin 2?r~ sin 2t (~~^- 

Now lot 

Aj -H Ag oos 27r~ = A cos 2t~ 

and Ao sin 27rf = A sin 27r~-. 

A X 

Then f = A cos 27r ^ > 

whore 

A2 = Ai® - 1 - Aa® + 2AiAa cos 27r^ . 

A 

The resultant motion is thus given by a wave 
which has tho same i)oriod as the original 
wave, but a different amfilitudo, and is in 
a different phase. If tlio original i)haso 
difforonco 2ir(5/X) =2n7r, that is, if 5--2n{\j2), 
whore » is a j/ositivo integer, A has its 
maximum value, Aj -b Ag. On the other hand, 
if 27r(5/X) =(2n-l- l)7r, that is, if 5=?(2ft-i- l)(X/2_), 
A has its minimum value, Aj -• Aj. If 5 is 
an odd number of quarter wave-lengths, 

fa=Aa8in 

and A®™A;i®+Aa®, that is, tho total intensity 
is equal to tho sum of the intensities of tho 
two waves. If Aj—Aj tho total intensity is 
four times that of each wave when 5~2n{\j2), 
and is zero, that is, tho waves interfere, when 
5=:(2n-i- l)(X/2). This does not moan that 
any energy is destroyed ; what happens is 
that tho distribution of tho energy is moclifiod. 

Tho treatment may bo extended to the case 
of any number of waves, but tho brief sketch 
just given serves to illustrate tho method 
whereby the phenomenon of intoriorenoe may 
be explained by means of the wave theory 
of light. 
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§ (3) Young’s Experiment. — True inter- 
ference of light was first observed by Young ; 
the experimental arrangement he employed 
was described in his lectures which were 
IDublished in 1807. Light from a slit was 
allowed to fall on a screen in which there were 
two small pinholes placed close together. 
Interference bands were then observed on 
another screen placed in a position where 
the rays, after being diffracted at the pinholes, 
overlapped. The phenomenon is really one 
of interference of diffracted light, because 
the rays which pass directly through the pin- 
holes wil] not overlap. It will be of interest, 
however, to consider tlie explanation of tho 
phenomenon by means of the wave theory on 
the assumption that tho two pinholes do act 
as sources of light in which the vibrations 
bear a constant phase relationship to each 
other, for, as will be seen later, it is possible to 
obtain tlie necessary conditions by ojitical 
means. Let S^, Sa {Fig. 1) represent two 
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pinholes acting as sources of light. If wo 
assume that tho other particles at Sj and Sa 
are vibrating parallel to each other in the same 
phase, and that tho waves being sent out have 
the same amplitude and the same period, we 
may consider the effect at a point P on a 
screen OP, set parallel to the line joining S^Sg, 
at a position where the beams from Sj and Sg 
overlap. Draw O'D through tho mid-point 
O' of SiSg perpendicular to the screen. Let 
SiSg =d, O'O =a;, and OP =y. Then 

(1 + 2/)“. and SgPa=a:*>+ (^-t/)'* 

Therefore S^P ® — SgP ® = 2yd. 

If d and y are each small in comparison with 
X, we have 

SiP+SaP=2a'. 

Thus SiP-SaP=^. 

If the difference S^P - SgP is equal to an even 
number of hah wave-lengths, that is 2n(X/2), 
where n is an integer and X is the wave-len^h, 
the waves will reinforce each other ; there 
will therefore be a maximum intensity at P 
when 


2nxX 



* Diffraction phenomena, which may bo looked 
upon as a special class of Intorforenco phenomena 
depending on the restriction of apertures, will not bo 
discussed in tliis article. 


If, however, the difference S^P - SgP is equal 
to an odd number of half wave-lengths, that 
is (2?i+ l)(X/2), the waves will interfere ; there 
will therefore be darkness at P when 

_(2n-(-JIJ«X 

y_ 

It may easily bo shown that, if a lino is 
drawn on the screen so as to pass tlirougb P 
and be perpendicular to OP, tho total disturb- 
ance at a point P' on this lino is the same as 
at P, if PP' is small. Thus tho aiipearance 
on the screen will he that of a series of parallel 
alternating bright and dark hands, ^ tho 
distance between tho centres of two con- 
secutive bright bands or dark bands being 
given by 



The central band of tho system, that is the 
one at 0, is bright. 

The positions of those bands or fringes 
depend on tho wave-length of tho light used. 
Tims, if white light is oinployod, there will be 
an infinite series of bright and dark bands 
corresponding to tho infinite range of wavo- 
longtha in white light. Tho result will be 
that only a few hands near tho centre will 
bo at aU clear, tho outer ones overlapping 
each other; tho central hand will he white. 
Thus, in order to obtain a considerable number 
of bands, monoohromatic light must be em- 
ployed. 

The above treatment will hold for all cases 
whore tho interfering beams oomo from two 
real or virtual images of one and tho same 
luminous point. This requirement is funda- 
mental for tho produotion of interference 
fringes, it being impossible to obtain intor- 
feronoo botwoou beams whioh oomo from two 
entirely independent sources. The reason for 
this is that the phase of tho disturbance from a 
given source, oven if of constant wavo-longth, 
alters frequently and irregularly, so that there 
can be no fixed relationship between two 
independent souroos. If, however, the two 
sourooa are real or virtual images of the 
same source, there will bo a constant phase 
relationship between the vibrations in tho two 
and intorferonoo systems will be observable. 
In such a case the source must have been 
maintained in regular vibration for millions of 
periods. 

It is interesting in this connection to note 
that the number of fringes which can bo 
observed gives us information with regard to 
the number of rocular vibrations performed 

• The bands are only approximately straight ; 
actually they are tlie sections of a system of hyper- 
boloids of revolution round the lino HjSa having Si and 
Sj as foci. 

“ See, however, later on under " Achromatic 
Fringes,’’ § (6). 
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by each molecule in the luminous source before 
a sudden change in phase takes place, for at 
the nth dark fringe interference takes place 
between vibrations which left the two sources 
at times nr apart, where r is the period of 
vibration. In the case of sodium light 
Mzeau counted about 50,000 fringes, while in 
more recent times path differences correspond- 
ing to as many as a million fringes have been 
obtained in the case of certain kinds of mono- 
chromatic light. 

§ (4) Methods of prodhoing Interfbr- 
EKCE rRiHGES. — A great number of methods 
of producing interference fringes of the type 
just discussed have been devised, but they all 
practically depend on the formation, by means 
of some optical system, of two images (real or 
virtual) of a narrow source of light, such as 
an illuminated slit. These images then act 
as secondary sources, fringes being observed 
in the region where the beams of light which 
come from these sources overlap. In each 
case the distance D between consecutive 
bright or dark bands is given by 


where a: = distance between sources and plane 
in which the bands are observed, 
d= distance between the secondary 
sources, 

X = wave-length. 

Some of the more important optical systems 
devised for the purpose mentioned may be 
described as follows. 

(i.) Fresnel's Two-mirror System. — This is 
one of the systems that Fresnel ^ suggested 
for the purpose of overcoming the objection 



that diffraction plays a part in Young’s ex- 
periment. A plan of the arrangement is 
shown in Fig. 2. 

The hght from a slit S is reflected from two 
plane mirrors O'Ma, the normals to 

which are incHned at a small angle 0, the line 
of intersection of the mirrors being parallel to 
the length of the slit. The reflected beams of 
light appear to come from Sj and Sg, the 
images of S in the two mirrors, and inter- 
ference bands parallel to the slit are obtained 

" A. Fresnel, CEuvr. compl. 1. 160, 180; ii. 17, 62. 


on a screen OP, where the two beams overlap. 
Now let 0'S=a and 0'0=b. The angle 
subtended by at O' is equal to twice the 
angle between the mirrors. Also and Sg 
are situated as far behind the mirrors as S 
is in front of them. Thus it follows that 
O'Si = O'Sa = O'S = a, and SiSg = 2ae. 

Hence D = 

2a0 

The Fresnel mirror system may be modified 
by the introduction of a lens to form two real 
images of the slit.^ This is the arrangement 
which Righi ^ used in his experiment for 
demonstrating the existence of light-boats. 

(ii.) Vautier's Three-mirror System . — In this 
system three equidistant mirrors are set up 
approximately parallel to each other, the inner 
one being silvered on both sides and the others 
on their inner sides only. The two interfering 
beams of light are formed by reflection first 
at each of the two outer mirrors and then at 
the central mirror. If the mirrors were set 
accurately parallel to each other the beams 
would bo contiguous and no interference 
would take place ; one of the outer mirrors 
is therefore set up so as to make a small 
angle with the others. Vautier has also 
employed an arrangement whereby the light 
incident on the mirrors is rendered parallel 
by the introduction of a lens ; the beams after 
reflection then pass through another lens 
which forms two real images of the source 
of light. 

(iii.) Michelson's Mirrors. — Mioholson ® forms 
two virtual images of a source by double 
reflection at two mirrors which are inclined 
to one another at an angle which is very 
little loss than 90°. The arrangement has the 
advantage over that of Fresnel that it does 
not require such accurate adjustment of the 
mirrors. 

(iv.) Fresnel’s Bi-p'ism. — Fresnel ® also 
obtained interference fringes by making use 
of refraction instead of reflection to form two 
adjacent virtual images of a soiiroo. The 
light from a slit S (Fig. 3) is refracted by the 
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bi-prism ABC, the edge A of the obtuse angle 
dividing the light into two beams which, after 

’ C!t. E. Mascart, Traitd d’optigue, 1880, 1. 180. 

’ A. IUghl, Journ. de Physique, 1883, 11. 442. 

* G. Vautlor, Comptes Rendus, 1003, cxxxvll. 615 ; 
Journ. de Physique, 1003 (4), il. 888. 

’ A. A. Mlcholson, Am. J. Sci, 1890 (8), xxxlx. 216. 

® A. Fresnel, (Euw. compl, I. 330. 
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refraction, appear to come from and Sg. 
Interference fringes can then be observed in 
the region where the two beams overlap, 
provided that the edge A is accurately parallel 
to the slit S. Let S be the deviation produced 
by each half of the prism, ^ the refractive 
index of the prism, and a = 4ABC = AACB. 
Then 

S 1 S 2 = 2n sin 5 = 2a(/r — l)a, 

if a is very small, where ft=SA. 

Thus the bi-prism is equivalent to a pair of 
Eresnel mirrors inclined at an angle (g. - l)a. 
The distance between two consecutive bright 
or dark bands on a screen OP at a distance b 
from the bi-prism is then given by 


l)-- 


(a+b)X 
2a(/A— l)a‘ 

If white light is used, there is greater over- 
lapping of the bands due to different colours 
than with Fresnel’s mirrors, because in the 
expression for D a decrease in the value of X 
is accompanied by an increase in the value 
of /j,, OAving to the dispersion caused by the 
prism. 

A simple and very useful method of measur- 
ing S 1 S 2 has been suggested by Glazebrook.^ 
A convex lens is inserted between the bi- 
prism and the microscope which is used for 
measuring the separation of the bands, and 
is adjusted so as to form images of Sj and S 2 
in the focal j)lane of the mioroscopo. The 
distance between those images is measured. 
The lens is then moved into the second position, 
in which it forms images of and Sg in the 
focal plane of the microscope, the distance 
da between these images being measured. 
Since the magnification in the one position is 
the reciprocal of the mag- 
nification in the second 
position, it follows that 

SiSa= s/did^. 

A modified form of 
Fresnel bi-prism, duo to 
Winkolmann,® is illustrated 
in Fig. 4. The bi-prism, 
of refractive index /Tj, is 
mounted in a cell containing a liquid, such 

as benzene, of refractive index fi^, the cell 
being covered by a plane parallel piece of 

glass. In this case 

(a -l" byx 



Fia. 4, 


7)-. 


2a(gi - /ra)a’ 


whore the symbols have the same significance 
as before. The advantage of this arrange- 
ment is that the obtuse angle of the bl-prism 
may be made much loss obtuse than in the 
case of the bi-prism used in air. 

^ U, T. Olazehrook, Phyitical Optics. 

“ A. Winlcelmann, Zeits. InstmmetU,en]c,, 1902, 
xxii. 276. 


(v.) Bi-plates . — Another method of obtain- 
ing tw(3 adjacent virtual sources for jAroducing 
interference fringes is to use a bi-plate,® which 
consists of two parallel plates of glass of equal 
thickness (preferably cut from the same piece 
of glass) inclined to one another (Fig. 5). 



Fia. 6. 

The beams of light after refraction appear 
to como from the virtual images and Sg. 
Two real images of and S 2 are formed by 
the introduction of a lens. Now the lateral 
displacement of a ray in passing through a 
])arallol ifiate of thickness t is given by 

t sin (i-r) 
cos r ’ 

where i and r are the angles of incidence and 
refraction ro8i)ectively. Hence 

S =2( sin i{l - cot i tan r}. 

If the plates are inclined at angle 20 wo have 
i=:90° - 0 approximately. Therefore 


. cos 0 
smr= , cosr 


cos t = sin 0, cot i = tan 1 

\/^® — cos® 9 
M ' 
tan r- 


cos 9 


^//x®-coa“ O' 
where /x is the refractive index of the glass. 
Thus 

2i cos <?f 1 - - .)> 

^ * I ^/a®-cos®(9/ 

and the value of D may then be deduced. 

(vi.) Bilkt'a Fjdit Lena . — In this system 
(Fig. 0) two real images, Sj and S 2 , of an 



Fra. 0. 

illuminated source are formed by two halves 
of a Ions wliioh can bo separated or brought 
close together by means of a micromotor 
screw, the motion being along a lino perii;)ondi- 
cular to the optical axis. 

(vii.) Mealin' a Split Lena. — This is a 
modification of the previous arrangement, the 

» J. .Tamin, Cours de pJimmie, 18fi« (3), 524. 

‘ F. Billet, Ann. Chim. et Fhgs., 1802 (3), Ixiv. 380. 
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two halves being relatively disiilaced along 
the optical axis.’- The two real images, Sj 
and Sj {Fig, 7), are then formed on the optical 
axis and interference fringes can be observed 
in the region between and Sg. The points 
of equal phase difference in this case lie on 
ellipsoids of revolution, having and Sj as 
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foci. A system of semicircular ^ fringes is 
then obtained. In both this and the previous 
case the distance can be calculated from 
the separation and the optical constants of 
the lens halves. 

(viii.) FresneTa Three-mirror System . — In 
this system three mirrors — Mj, Mj, and Mg 
{Fig, 8) — are employed. One of the secondary 


s'. 



■Fig. 8. 


sources is the image of S in the central 
mirror The other secondary source Sg 
is the image in Mj of S', which in turn is the 
image of S formed in Mg. Thus ono of the 
beams is once reflected at Mj,, while the other 
is twice reflected at Mg and Mg. The mirrors 
Mg and Mg are sot up in such a position that 
their planes intersect at 0, the centre of Mj, 
making approximately equal angles with the 
plane of M^. The central band of the inter- 
ference system is black, from which Fresnel 
concluded, as Young had done in order to 
explain the black centre in Newton’s rings, 
that there is a loss of optical path of ^ X by 
reflection at a glass surface. 

For modifications of the Fresnel three-mirror 
system see Quincke ® and Mascart.* ** 

(ix.) Lloyd's Mirror . — This is a somewhat 
simpler arrangement ® than the previous one. 
Interference takes place between the direct 
beam from a source S {Fig. 9), and the beam 
reflected from a single mirror (a piece of 
black glass is suitable) at almost grazing 

* G. Meslin, Comptes Rendus, 1893, cxvl, 250, 570 ; 
Journ. de Physique, 1893^ (3h il. 206. 

“ Complete circular fringes are not obtained, as 
the beams of light overlap only on ono side of the 
optical axis, as may bo seen from the diagram.’ 

” G. Quincke, Pogg. Ann., 1871, cxlii. 228, 

* E. Mascart, Comptes Rendus, 1887, cv. 907. 

“ H. Lloyd, Roy. Irish Acad. Trans., 1837, xvil. 
174. 


incidence, the second beam aiijiearing to come 
from the virtual imago S'. In this case again 
the central band of the interference system is 



Fig. 9. 


dark. Owing to the asymmetry of the optical 
system only ono half of the fringe system can 
bo seen, unless a thin transparent plate be 
held in the path of the direct beam so as to 
introduce retardation and consequent dis- 
lilacemont of the fringes. 

§ (5) Aohromatio FRiNaiis. — ^We have seen 
that the distance D between adjacent fringes 
is given by 



from which it is clear that D v.aries with the 
wave-length X. If it were possible to arrange 
that the ratio \/d should bo constant for all 
wave-lengths, ono would be able to obtain 
a system of achromatic interference fringes 
when usmg white light, for then the fringes 
due to the different colours would coincide. 
A simple method of obtaining such achromatic 
fringes is to use as the two sources a short 
spectrum and its virtual image formed by 
reflection in a glass plate (Lloyd mirror 
system). The blue end of the spectrum 
should bo towards the jjlato, as the distance 
between the sources for blue light should bo 
loss than for rod light. If the spectrum is 
formed by a prism it is only possible to 
aohromatiso the fringes for two colours, but 
if a diffraction grating is employed the super- 
position of fringes for twtj wave-lengths will 
secure the suiiorposition of fringes for all other 
wave-lengths. 

§(0) iNTERiriSKBNaJi! IN FiLMS AND PlaTKS. 
— The interference phenomena which we have 
so far discussed can only be observed when 
a point source or a narrow lino source of light 
is used. There is another group of inter- 
ference phenomena which can bo observed 
when using an extended source of light. In 
this group are included the oases of intor- 
feronoo in transparent films and plates. A 
number of such cases will now bo dealt with. 

§ (7) iNMRiritMNOM IN ThIN FiLMS. (i.) 
Simple Cases , — When a very thin film of a 
transparent substance is illuminated by a 
broad source of light, such as a bright sky, 
brilliant colours are seen ; soap bubbles and 
thin layers of oil spread over the surface of 
water are familiar examples of this pheno- 
menon, These colours are duo to interference 
between the rays reflected from the two 
surfaces of the film. 
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Let us first consider the case of mono- 
chromatic light falling on a thin film which 
is bounded by two parallel surfaces. At 
present we may confine our attention to the 
two paths ABODE and FDE {Fig. 10). The 



first is that of a ray which is refracted at the 
first surface, internally reflected at the second 
surface, and again refracted at the first 
surface ; the second is that of a ray (emanat- 
ing from the same point in the source) which 
is incident parallel to the fiz’st ray and is 
reflected at the first surface of the film. The 
difference in optical path of the two rays can 
easily be deduced. Let i be the angle of 
incidence and r the angle of refraction in the 
film. Draw BG perpendicular to FD and 
DH perpendicular to BO, and produce BC 
to meet the Ime through D normal to the film 
surface in K, Then BG and DH are the 
fronts of the incident and refracted waves 
respectively, so that the portions of the paths 
GD and BH are optically equal. Thus the 
path difference d =HC + CD =HK cos r, 
where t is the thiolaiess of the film. This 
is equivalent to 2ixt cos r, measured in air, 
where is the refractive index of the film. 

At first sight it would appear that there 
would be a maximum brightness when the 
path difference is equal to an even number 
of half wave-lengths and a minimum bright- 
ness when the difference is equal to an odd 
number of half wave-lengths This, however, 
does not fit in with the observed phenomena, 
and wo can see that in the limiting case when 
the film is of zero thiolcnoss no light will be 
reflected, though we might from the above 
considerations have expected maximum bright- 
ness. The reason of this apparent discrepancy, 
as was first suggested by Young, is that light 
reflected at the surface of a denser medium 
suffers a phase change of 180*’, which is 
equivalent to a path difference of half a wave- 
length. In the case of the film one of the rays 
is reflected without change of phase at the 
surface of a rarer medium, while the other 
is reflected at the surface of a denser medium. 
Thus the total retardation in the case under 
consideration is cos r -i- ^X. The bright- 

ness will therefore be greatest when 2/^^ cos r 
is equal to an odd number of half wave- 


lengths, and least when 2fxt cos r is equal to 
an even number of half wave-lengths. 

If now the incident light is white the 
light reflected from any point of the film 
will not include the wave-length which satisfies 
the equation 2/At cos r=n\ at that point ; the 
light will accordingly be coloured. If the 
film is of uniform thickness the colour' will 
be uniform over the whole film.^ Any want 
of uniformity in the thickness will give rise 
to variations in the colours observed at 
different parts of the film. This gives a 
convenient method of testmg the uniformity 
of thickness of a film.^ 

(ii.) Effect of Multiple Reflections — The 
theory of thin films, as above sketched, is 
not complete, for we must take into account, 
as Poisson showed, the effect of multijzle 
reflections. If d is the retardation of a ray 
once internally reflected, then 2d will be the 
retardation of a ray internally reflected three 
times, and so on. In order to sum up the 
effects of these multiple mternal reflections 
it is necessary to in- 
vestigate the rela- 
tions between the 
amplitudes of the 
reflected rays. Lot 
the amplitude of the 
incident ray AO 
[Fig. 11) bo a, and 
the amplitudes of the 
reflected and re- 
fracted rays OB, 00 
be ab, ac respectively, 

where b, c are fractions.® If those rays bo 
reversed they should combine to give a ray 
along OA of amplitude a. The reversal of 
00 will give a ray of amplitude ab^ along 
OA, and one of amplitude abc along the 
refracted path OC'. T^et the components, 
along OA and 00', of 00 reversed be acc' 
and acb' respectively. Then 

a6® -I- acc' = a and abc H- acb' = 0, 
since there must bo no resultant ray along 00'. 
Thus 

cc'=l-6®=l-'6'®and b- -b'. 

Wo may calculate the resultant phase 
difference for the reflected beams, taking into 
account the multiple internal reflections. 
The amplitudes of the various beams are 
shown in Fig. 12, The common phase 
difference of the refloctod components is given 

^ This is true only it the film Is so thin that the 
variation of the angle of Inclclcnoo from one point 
to another does not affect the value of 2/j.tcosr by 
more than a small fraction. Tt a point source at 
Infinity Is U8e.d the statement is true for any thickness 
of Aim since tho angle of Incidence is then constant. 

“ Hoe article on " Intorferomctors : Technical 
Applications." 

* Q. Stokes, Math, and Phya. Paper a, 11. 89. 
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by 5 = (27r/X)fZ, where d is the common path 
difference. 

Now let A be the amplitude of the resultant 
reflected beam and A its phase wlien the phase of 



the first reflcoted beam is zero. Then, making use 
of the notation employed at the beginning of this 
article, wo have 

A cos { +a} oos 

+aoyo'eos{^(i4)+5} 

-hac&'V cos +25 j- + . . . 

Expanding, and equating the ooolfioients of 

cos and sm y (z-^)> 

wo obtain 

A cos A=a6+aci!)V cos S -|-ac?/^o' cos 2d+ . . 

A sin A= ach'o' sin S+aoh'^c' sin 25+ . . . 
Therefore 

Ae^^'=ah+acb'c'{e'^^ , . .) 

giS 

=ab+aob'c' r:. 

1-6'V® 

Multiplying the second term on the right above and 
below by 1 — wo have 


Aei^‘=‘ab + 


aob'o' (cos 5 — 6'^) 


ach'o' sin 5 
1—26'® cos 5+6'**’ 


If we equate the real parts on botli sides and the 
imaginary parts and square and add wo got, on 
substituting 

cc' »= 1 — 6® and 6 =» — 6', 


A 2 _ 4a®6® sin® (5/2) _ 4re®6® sin® (5/2) 

1 - 26® cos 5 + 6^ “(1 - 6®)®T4P1E®T^2) ’ 

By a similar calculation it is possible to 
deduce that the amplitude B of the resultant 
transmitted beam is given by 

«>*(!- 6 ®)® ^ 

(i - 6'®i/® + 46®lin® (5/2T 

This result is to be expected, since A® and 
B® are the intensities of the reflected and 


transmitted beams, and their sum should 
equal a®, the intensity of the incident beam. 

The result for the reflected beam shows 
that the intensity is zero when 


that is, when 


5 = 2a7r, 

2/j!.t cos r=nk, 

27r 27r 

5 = d=~. . 2fxt cos r. 

A. A 


Thus, if light of wave-length X is employed, 
the film or plate will appear perfectly black 
when 2/ji,t cos r is equal to an even number of 
half wave-lengths. This is the same result 
as was obtained when considering the simpler 
case of one internal reflection, except that 
there the condition was merely for minimum 
brightness. 

It is interesting to note that the condition 
for zero hitensity in the i-eflectcd beam corre- 
sponds to maximum intensity in the trans- 
mitted beam, and that the minimum intensity 
in the latter is not zero, but is such that when 
added to that of the reflected beam the sum 
is a®. The plienomona in the two cases are 
oomj)lementary, but are much sharper in the 
reflected than in the transmitted beam. 

(iii.) Wedga-s]iaped Films . — If the two plane 
surfaces bounding a film are inclined to each 
other at a small angle, a system of fringes 
will be observed. If white light is used the 
fringes will be coloured, but there is so much 
overlapping of the fringes that they will not 
bo distinguishable unless the film is extremely 
thin and the angle of the wedge is very small. 
In the case, therefore, of films of appreciable 
thickness it is necessary to use monochromatic 
light, and the thicker the film the more mono- 
ohromatic the light must bo. 

§ (8) Newton’s Rings. — Newton observed 
that when a plane-glass surface was placed 
in contact with a convex sjiherical surface 
circular fringes wore formed round the point 
of contact. Those fringes, usually called 
Newton’s rings, are duo 
to intorforonco in the 
film of air between the 
two surfaces. Now we 
have seen that where 


2fjLt cos r: 


\ 



there will be maximum 
or minimum brightness 
according as n is odd or 
even, where + and t are Eia. 13. 

the refractive index and 
thickness of the film and r is the angle of refrac- 
tion in the film. In the present case, if we 
consider the light to be incident normal to a 
plate of glass resting on the convex surface 
of a lens {Fig. 13), /a = 1 and r— 0. Let A bo 
the point of contact and R be the radius of 
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curvature of the convex surface. Then if t 
is the thickness of the air film at a point B, 
where AB = p, we have 

p2=BC. BD 
= 2t'R, 

since we are considering points very close to 
the point of contact. Thus there will bo a 
bright ring when 

P=^R(27i+l)g. 

and a dark ring when 

p= n/BwX, 

where n is any whole number. Newton’s 
rings, therefore, give us the means of measur- 
ing R if X is known. ^ 

§ (9) Miohelson’s Interferometer. — A 
convenient method of observing interference 
phenomena in an air film of variable thickness 
was devised by Professor Michelson ® The 
principle of the arrangement which he used 
is as follows. Light from a monochromatic 
source S (Fig. 14) falls on a plane-glass plate 



Pj at an angle of 46°. The back surface of 
this i)lato is half silvered so that the beam of 
light is divided into two portions of aijproxi- 
mately equal intensity. One of those, after 
transmission through P^ and a second similar 
plate Pj (unsilvered), and normal reflection 
at the plane silvered mirror Mi, passes again 
through Pa and is reflected by the lialf- 
silvorod surface of Pj into the observing 
telescope T. The other portion, after internal 
reflection in Pj and normal reflection at the 
plane silvered mirror M'j, is transmitted through 
the plate P^ into the telescope. The reason 
for introducing the second plate, Pj, which is 
placed at 45° in the path of the first beam, is 
to make the glass paths of the two beams 
equal, for without it the first beam would 
pass once through P^ whereas the second 
beam would pass through it three times. 
In order to obtain complete compensation of 


the glass paths the two plates, Pj, Po, should 
be of equal thickness, preferably cut from the 
same piece of glass. If the air paths are now 
of the same length the arrangement is equiva- 
lent to a film of zero thickness, for the image 
of Ml by reflection in P^ will then coincide 
with Mj. One (,)f the mirrors is i)rovided 
with a micrometer screw by means of which 
it may be moved parallel to itself so as to 
introduce any desired difference in optical 
path. The plates and mirrors are also pro- 
vided with fine adjustments to enable the 
image of to bo brought into parallelism 
with Mg. 

Modified forms of the Michelson interfero- 
meter are used for testing the planeness of 
surfaces, the homogeneity of glass blocks and 
prisms, and the aberrations in lenses.® 

§ (10) Fabry and Perot Interferometer. 
— We have already seen, when considering the 
case of multiple reflections in films, that the 
intensities of the resultant reflected and trans- 
mitted beams are given by 

A 2_ 4a sin® (5/2) 

(I - bY + sin® (djY) 


and 


B®= 


(1-h®)® 

(i-h®)® + 4a®6® sin® (5/2) 


respectively, whore a® is the intensity of the 
incident light, ft® is the reflection coefficient, 
and 5 is the common phase difference between 
successive components of the reflected and 
transmitted beams. Confining our attention 
to the transmitted system, wo see that, as 5 
varies, the intensity varies periodically ; its 
maximum value, corrospondmg to 8 = 2mr, is 
a®, its minimum value, corresponding to 
5 = (2R-|-l)7r is a®((l -6®)/(l -1-6®))®, while an 
intermediate value, whore 5=((2»-i-l)/2)7r, is 
a®((l -6®)®/(l -|-6<‘)). It will bo soon that, as 
the reflection cooflicient incroasos, the mini- 
mum and intermediate values decrease, and, 
therefore, the maxima becomes sharper. Fig. 
16 shows the typos of intensity curves obtained, 



I’m. 16. 

for normal incidence, with unsilvered (AA ; 
6® = •04), and silvered (BB ; 6® = -75) plates. 
Thus by using a high reflection coefficient 
one obtains sharp bright linos on a dark 
background. The case for the reflected 
system is exactly reversed and is illustrated 
by Fig. 16 turned upside down. In this ease. 


* See article on " Bpherometry.” 
’ A. A. Michelson, Am. J. Sci„ 
Phil. Moff., 1882, (5) xlll. 237. 


1882, xxlil. 395 


* Sec article on “ Interferometers : Technical 
Applications”; also P. Twyman, Opt. Soc. Trans., 
1920-21, xxil. JSTo. 4. 
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;{ the reflection coefficieat is high, one obtains 
sharp dark lines on a bright background. 

The above fact has been made use of by 
Fabry and Perot ^ in their interferometer, 
which consists of two glass plates, the neigh- 
bouring faces of which are hghtly silvered. 
One plate is fixed, and the second plate, which 
is set approximately parallel to the first, can 
be moved parallel to itself so that the thick- 
ness of the air film between the plates can 
be varied at Avill. 

§ (11) Lommeu and Gehroke Interfero- 
meter. — The brightness of the reflected beams 
can also be increased by increasing the angle 
of hicidence. Luramer and Gehrcke ® have 
employed this principle in their application 
of interference methods to spectroscopy. 
They use a plate of glass {Fig. 16), at the end 
of one face of which is cemented a small 
right-angle prism. The incident light passes 
through the prism into the plate, and the 
beams of light which emerge, after successive 
internal reflections, from both sides of the 
plate can be examined by means of a telescope. 

It might at first appear that the phenomena 
observable with the Lummer and Gehrcke 



plate are due to diffraction effects, and this 
for two reasons. Firstly, there is a striking 
resemblance between the plate and the 
echelon grating, the path difference of suc- 
cessive beams increasing by definite steps. 
Secondly, it is well known that in interference 
systems such as we are considering the angular 
separation between the fringes decreases rapidly 
as the angle of incidence is increased, so that 
we might expect that in the case of the 
Lummer and Gehrcke plate, where the beams 
leave the plate at practically grazing emergence, 
the fringes could not be resolved. This, 
however, is not so, for, as one may easily 
calculate, the angular separation between 
successive fringes increases again as one 
approaches the limiting case of grazing 
emergence until it very nearly reaches the 
value for normal incidence. The phenomenon 
is, therefore, one of pure interference.® 

§ (12) Interference in Meetiple Thick 
Pdat.es. — 'When two plates of glass are inclined 

^ 0. Fabry and A. Perot, Ann.. Chim. et Phys., 
1897, xll. 459 ; 1899, xvi. 115 ; 1901, xxil. 546 ; 
Comptes Rendus, 1898, cxxvi. 331, 407, 1561, 1624, 
1706, 1779. 

^ O. Lummer, ’Verhandl. d. Dmtseh. Phys. Ges., 
1901, iil. 92 ; O. Lummer and B. Gelircke, Alcad. 
TViss. Berlin, Per., 1902, 11 ; Ann. d, Physik, 1903, 
X. 457. 

» Cf. B. W. Wood, Physical Optics, 1914, 283. 


to each other at a small angle {Fig. 17), a 
bearn of light incident on one of the plates 
is divided into a number of components bv 
multiple reflections between the plates. If 
the plates are of the same thickness some of 



FIG. 17. ■ 


of the rays 3 and 4 are approximately equal, 
and, owing to the small inclination of the 
plates, such rays will form a series of inter- 
ference fringes. Brewster * observed this 
phenomenon in 1817, and a modification of 
the a,rrangement has been employed by 
Jamin ® in his interference refractometer. 
The principle of this instrument is illustrated 
in Fig. 18. A and B are two plates of optical 
glass, mounted parallel to each other and 
inclined at an angle of 45° to the line joining 
the centres of the surfaces a^, ; the other 

surfaces, a^, b„, are silvered. If the plates 
have exactly the same thickness and the 



same refractive index, and are placed accurately 
parallel to each other, the optical paths of the 
two beams shown m Fig. 18 will be equal. 
On slightly rotating one of the plates about 
a horizontal or a vertical axis a path difference 
is introduced and a system of interference 
fringes can then be observed. 

The Jamin refractometer can be used for 
measuring the refractive indices of gases or 
of transparent hquids or solids. Thus, for 
example, a plate of glass may be introduced 
into the path of one of the beams, in con- 
sequence of which there will be a displacement 

‘ D. Brewster, Edin. Trans., 1817, vii. 435. 

‘ J. Jamin, Comptes Rendus, 1856, xlii. 482 ; Ann. 
Chim. et Phys., 1858, (3), lii. 163. 
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of the fringe system. The amount of this 
displacement depends on the thickness and 
refractive index of the plate, and may bo 
determined by placing in the path of the other 
beam a comiiensator consisting of two exactly 
similar small-angle glass wedges, of known 
refractive index, which can be slid relatively to 
each other so as to form a plate of uniform 
but variable thickness. The compensator is 
adjusted until the centre of the fringe system 
is brought to its original position.^ 

In cases where it is desired to compare the 
refractive indices of siinilar gases, liquids, or 
plates of glass, that is, when the displacement 
of the fringe system is relatively small, one 
can employ a Jamin compensator for bringing 
the fringe system back to its zero position. 
This consists of two glass plates fixed to a 
common axis and inclmed to each other at 
a small angle. If the compensator is set up 
so that each of the plates is in the path of 
one of the interfering beams, small relative 
retardations can be introduced by rotatmg 
tl'io compensator about its axis. The amounts 
of these retardations may be calculated or 
may be obtained by calibrating the com- 
pensator by moans of auxiliary experiments. 

Modifications of the Jamin interference 
rofractometer, necessitating the employment 
of only one glass plate, 
have been used by 
Mascart,° Lummer,^ 
and Kettoler.* The 
system employed by 
Masoart and Lummer 
has recently boon ap- 
plied by Waetzmann ® 
to the study of the 
aberrations in lens sys- 
tems. Zehnder ® and 
Mach ’’ introduced two 
auxiliary mirrors, as 
illustrated in Fig. 19, 
in order to separate the interfering beams as 
much as possible. 

§ (13) Intemterbnoe of Rolabisbd Light. 
— The interference phenomena connected with 
polarised light are described in the article on 
“ Polarised Light,” q.v., but the general 
conclusions reached by Fresnel and Arago ® 
in their investigations may be stated as 
follows : 

(i.) Two rays of light polarised at right 

' For tlio purpose of determining the centre of the 
system of monochromatic fringes a system o! coloured 
fringes formed by white light Is siiporlmposod on tljo 
other system, 

^ E. Mascart, Ann. Chim. el Phys., 1871, (4), xxlll. 
140. 

“ 0. Tjummor, Wml. Ann,, 1884, xxlll. 613. 

* E. Kottclor, Poyg. Ann., 1871, cxllv. 372. 

‘ E. Waetzmann, Ann, d. Physik, 1912, xxxlx. 
1042. 

' L, Zolinder, Zeils. InslrumentenJc., 1891, xl. 276. 

’ L. Mach, Zeits. Instrumentenk., 1892, xil, 89. 

* A. Fresnel and F. Arago, Ann. Chim. el Phys., 
1819, (2), X. 288. 


angles do not interfere destructively under 
the same circumstances as two rays of ordinary 
light. 

(ii.) Two rays of light polarised in the same 
plane interfere like two rays of ordinary light. 

(iii.) Two rays polarised at right angles may 
be brought to the same plajie of polarisation 
without thereby acquiring the quality of being 
able to interfere with each other. 

(iv.) Two rays polarised at right angles, and 
afterwards brought to the same plane of 
polarisation, interfero like ordinary light if 
they originally belonged to the same beam 
of polarised light. 

§ (14) Applications of Intbrferenob 
Phenomena. — In addition to those men- 
tioned in this article ® the following applica- 
tions of interference fringe systems to physical 
measurements, etc., may be mentioned : re- 
fractometry,^® standardisation of wave-length 
and structure of spectral lines,^^ comparison 
of length gauges,^® numerous physical and 
engineering problems,^® and colour photo- 
graphy (Lippmann process).’^^ j s a 


Light, Intebfbrenob of, in Muxtiple Thick 
Plates ; Jamin’s Refeaotometee. See 
“ Light, Interference of,” § (12), 


LIGHT, PROPAGATION OF 
HiryoHENS’ Principle 

Light is a form of energy which affects the 
nerves of the eye and is propagated by wave 
motion. The vibrations which constitute the 
waves are transverse to the directions in 
which they travel. 

Since Fresnel introduced the conception of 
transverse wave motion a gradually increasing 
store of theoretical and practical evidence 
has boon accumulated to domonstrato its 
truth. Until recently it was supposed that 
the mechanism concerned with the trans- 
mission of those vibrations resembled more or 
loss that wliich regulates the propagation of 
transverse waves in an elastic solid. Recent 
discoveries have shown oonclusivoly that light 
is an electromagnotio phenomenon, and that 
light waves obey the same laws as waves of 
electric and magnotio force. In tlio present 
article we are oonoernod chiefly with questions 
which are independent of the physical pro- 
perties of the medium concerned in the trans- 
mission of the light. All wo need to consider 

' See also article on " Intorforometors : Technical 
Applications.” 

Lord RayleiKli, Phil. May., 1917, xxxlll. 101. 

“ E. 0. C. Baly, Spectroscopy. 

F. (Icipol, Zeiits. Inslrumentenk., 1920. xl. 3. 

” 0. Baras, “Tlie Intorforomobry of Eovorsecl and 
Non-roversed Spoctra,” Parts 1-4, Carnegie Inst. 
Washington Publications, 1017. 

‘‘ R. W. Wood, Physical Optics, 1914, 170. 
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are the rapid periodic changes of some vector 
quantity which, hke other vectors, can be 
represented by a straight hne in that it has 
length and direction. 

While it is frequently convenient to visualise 
this vector as an actual displacement, it must 
be borne in mind that the changes which 
constitute light are electromagnetic in their 
nature ; we cannot explain all the complex 
phenomena involved by the simple vibrations 
of ether particles. 

Consider now a luminous source, 0, Fig. 1. 
Light vibrations are omitted in all directions 
from this source, 
travelhng out- 
wards in waves 
R with definite 

velocity. At one 
instant the dis- 
/ turbance will 
have reached a 
surface such as 
ABC, and all 
points of that 
surface will be 
in the same state 
of motion or, put in toclurical terms, in the 
same phase. Such a surface is known as 
a wave front. After another interval, the 
disturbance will have travelled on to A'B'C', 
and this will have become the front of the 
wave. Light energy starting from 0 is, after 
a time, distributed over the surface ABO, 
and later, after another interval of time, over 
A'B'C'. If the medium in which the light 
is travelling is isotropic, that is, has identical 
properties in all directions, the speed of the 
light will be the same whatever be the direc- 
tion of its motion, and it is easily seen that 
the surface ABC and A'B'C' are both spheres 
with 0 as centre. If, however, the speed 
with which the light travels is different in 
different directions, as in a crystal, this is 
no longer the case ; the wave front is no 
longer a sphere, but will take some other 
form depending on the properties of the 
medium. 1 Suppose, now, the source of light 
to be a long way off, the curvature of the 
portion ABC of the wave front with which 
we are deaUng becomes less and less as the 
distance from the source is increased, and 
ultimately we arrive at a plane wave front, 
traveUing always parallel to itself with a 
velocity which — ^in a crystalline substance — 
depends on the direction of its motion, but 
in an isotropic substance is a constant, inde- 
pendent of the direction. 

We may, however, regard the problem of 
the propagation of the waves from a rather 
different standpoint. At a given instant a 
certain state of disturbance exists over- the 
surface ABO which, after a certain interval 
^ See “ Light, Double Befraotion of.” 




of time, has given rise to the disturbance 
existing over A'B'C'. How arc these con- 
nected, and bow can we pass from the con- 
ditions over ABC to those over A'B'C' ? 
The answer to this question was given by 
Huyghens (Traits de la Lumiere). Consider 
each point of ABC as the origin of a disturb- 
ance travelling outwards in a wave similar to 
that from the original source 0, and draw the 
wave fronts corresponding to each of these 
points, P, Q, R, S, Fig. 1, and to the interval 
required by the principal wave to travel from 
ABC to A'B'C'. In the case of an isotropic 
medium these wave fronts will all he spheres ; 
in a crystal they will have a more complicated 
form. In any case, however, it is possible to 
describe a surface which envelops or touches 
them all. According to Huyghens, this sur- 
face is the new position of the wave front; 
the disturbances due to the various secondary 
waves cancel each other everywhere, except 
on the envelope, while the resulting dis- 
turbance over the envelope is exactly that 
produced at the instant in question by the 
original wave-emanating front. 

If we take, for simplicity, the case of a 
plane wave ABC in an isotropic medium, the 
secondary waves are clearly spheres of equal 
radii, with the various points of the wave 
as centre, while their envelope is a plane 
A'B'C' parallel to ABC and at a distance from 
it equal to the radius of one of the secondary 
waves, that is, to the distance the disturbance 
has travelled in the interval of time under 
consideration. 

This result is a consequence of the principle 
of Interference in Wave Motion, and though 
the arguments by which Huyghens supported 
it are not conclusive, it is shown in treatises 
on Theoretical Optics that the construction 
he gave is correct, and, when the form of 
the secondary 
waves is known, 
may always be 
apphed to de- 
termine theform 
and position of 
the wave front, 
which repre- 
sents the state 
of the primary 
disturbance. 

We may also 
invert the pro- 
cedure and 
apply it to find- 
ing the form of the wave surface diverging 
from a point in the following manner. 

Consider a large number of plane waves all 
passing through the same point O, Fig. 2, 
but having various directions. After a given 
interval of time, t seconds say, each of these 
. will have moved parallel to itself through a 
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distance proportional to t and to the velocity 
of light measured in the direction in v/hich 
the plane is moving. Wo shall have a series 
of planes corresponding with the original 
series but arranged round 0 — ^if the velocit;v 
of light in the medium is the same in all 
directions, these planes will all be oc[uidistant 
from 0 — more generally they will he at vary- 
ing distances, depending on the varying 
velocity of the light. In any case the planes 
will all envelop or touch a closed surface 
surrounding 0 , and this surface will determine 
the position which a disturbance emanating 
from 0 has reached in the time t seconds. 

Moreover, if a wave front A'B'C' corre- 
sponding to the wave ABC which passes 
through 0 touch the surface at P, the line 
OP constitutes the ray corresponding to this 
wave front and determines the direction in 
which a disturbance at 0 in the plane ABC 
is propagated, while ON, drawn at right 
angles to ABC, is the wave normal. If the 
medium is isotropic, the various planes such 
as A'B'C' are all equidistant from 0 ; the 
envelope of these planes, tho wave front at 
time I, is clearly a sphere and the ray OP and 
tho wave normal ON coincide. 

In general this is not the case, and we have 
to distinguish between ON which determines 
tho direction in which tho wave travels, and 
OP tho ray tho direction in which tho dis- 
turbance at 0 in the wave front ABC is pro- 
pagated.’- A distinction must also bo drawn 
between the wave velocity, the velocity, that 
is, Avith which the wave front moves forward 
along ON, and tho ray velocity, tho velocity 
with which the disturbance travels along OP. 

LIGHT, RECTILINEAR PROPAGATION 
OP 

Whtsn tho state of motion of an electrified 
particle is altered, a pulse of electric and 
magnetic force is omitted from the particle 
and travels out into space at a high velocity. 
This pulse carries with it a definite amount of 
oleotromagnetic energy.® If the motion of the 
particle he i^oriodic the single pulse becomes a 
series of pulses. Energy is propagated out- 
wards from the particle in waves ; if tlie 
frequency in tho waves lies within certain 
limits,® they affect the nerves of the eye and 
are known as light waves, producing the sensa- 
tion of sight. 

If wo arc dealing with a small luminous 
source 0 (Fig. 1 ) in an isotropic medium, 
the waves travel outwards in spheres from 0 . 
Let BAG be the position of a wave front at a 
time t. After an interval of time the light 
reaches an eye at E. The effect at E is due 

1 See “ LiRbt, T)oublc Refraction of.” 

® See " Wireless Telegraphy,” § (1), Vol. 11. 

* ” Bye, The,” § (6), etc. 


to the disturbance which at the previous 
time t existed over the surface BAG, and may 
be found by calculating the effect due to 



each element of that surface and taking the 
sum.* 

But tho eye does not recognise the surface 
BAG as tho source of tho light ; it appears 
to come in a straight line from 0 , and the only 
portion of BAG which is effective in illuminating 
E is tlie portion A which lies directly between 
O and E. This rectilinear propagation is, 
it can be shown, a direct consequence of the 
fact that the wave-length of light is very small 
compared with tho other distances concerned ; 
it ranges from -S/j. in tlie rod ® to •4/x in tho 
violet. While tho complete proof of this is 
a question of complicated mathematics, tho 
following argument will indicate in a general 
way tho reasons for it. 

Imagine the source to ho at a long distance 
behind tho wave so that the portion of the 
spherical wave considered is practically plane. 
Let EA (Fig. 2), drawn perpendicular to the 



wide front BAG, be equal to a, and let X 
bo the wave-length. Take a series of points 
Ai, A 2 , A 3 ... on the waves at distances a + 
a + X, aH-fX, . . . etc., from E, and describe 
a series of circles on the wave front with 
centre A and radii AA^, AA^, etc., thus 
dividing the front into a series of zones or 
rings. Those are known as half - period 
elements. Tho disturbance which reaches E 
from Ai is oiiposito in phase to that from A and 
therefore interferes with it ; that from Ag is 
in tho same phase as that from A but opposite 
to that from A^ ; thus, on tho whole, the 

* See " Light, Propagation of.” 

' Tho value of / j . is 10*“ motrcB, 
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effect of the second half-period element is 
opposite to that of the first, while that of the 
third is of the same sign as the effect from the 
first. We may thus write the effect at E as 

TOj-mj + TOs- . • ., etc. 

The quantities m^, etc., will be pro- 
portional to the areas of the consecutive half- 
period elements ; they will also depend on 
the angles between the lines EA^, EA 2 , etc,, 
and the direction of propagation, and wifi fall 
off slightly as these increase, while the increas- 
ing distance of each element from E will lead 
to the same result. Now to find the outer 
radius AA„ of any ring we have 
EA„2=AA„2-|-i% 

Min^=(b + ~y-b^=bn\ + 

= bn\ approximately, 

since X- may he neglected. 

Thus the area of the wth ring is given by 
7r(AA„2 - AA„_i=*), and this is equal to irbX, 
which is the same for all the rings. 

Thus to our approximation, so far as the 
areas of the rings go, the quantities 7%, etc,, 
representing the amplitudes of the distui’hances 
at E due to the consecutive rings are equal ; 
they decrease, however, in consequence of the 
increase of the angle AEA„ and of the distance 
EA„ as we get further from A. Thus in our 
series 

8 = 7 ) 11-^12 + 1^3 . . . ; 

the terms gradually decrease, but the difference 
between consecutive terms is small. The sum 
of such a series can be shown to be half the 
first terra, for 

S = iwi -I- 1 -j (m^ - ma) -{m^- ?%) 

+ {m3 - Mt) . . . } ; 

and the quantity within the bracket {. . . } is 
negligibly small, since each term is very small 
and the terms are alternately positive and 
negative. 

Thus the amplitude of the disturbance at 
E due to the whole wave is just half that 
due to the first half-period element ; the effect- 
ive portion of the wave is limited to a small 
area about the point in which it is out by the 
line joining the eye to the source of light. 
Light travels in a straight line from the source 
to the eye. 


Light, Sohhobs ob, for microscopy with 
ultra-violet light. See “ Microscopy with 
Ultra-violet Light,” § (6). 

Suitable for polarimetric work. See 
“ Polarimetry,” § (16). 

Light, Sohroes Useful for Projectors, 
detailed consideration of. See “ Projection 
Apparatus,” § (6). 


Light from the Sky. See “ Scattering of 
Light by Gases,” etc., § (1). 

Light scattered by Dust -free Air, 
Polarisation- and Intensity of. Seo 
“ Scattering of Light by Gases,” etc., § (4), 
Lilibnfeld Tube : an X-ray tube of the 
hot-cathode type developed in Germany. 
See “ Radiology,” § (14). 

Lime, Use of, in Glass Manufacture. See 
“ Glass,” § (6). 

Lippion’s Polariser : the polarising system 
in use in many important forms of polari- 
meter at present. See “ Polarimetry,” § (0). 
Lissajou’s Figures : a series of curves ob- 
tained by compounding simiilo harmonic 
vibrations used for testing the tuning of some 
simplo interval between two forks. See 
“ Sound,” § (63) (v.). 

Log Line, for measuring ships’ speed. See 
“ Navigation and Navigational Instru- 
ments,” § (16). 

Longitude, Definition of. See “ Surveying 
and Surveying Instruments,” § (6). 

Lumen : the unit of luminous flux. See 
“ Photometry and Illumination,” § (2). 
Lumhtbr : a portable illumination photo- 
meter. See “ Photometry and Illumina- 
tion,” § (02). 

Luminescence of Luminous Compounds, 
Cause of. See “ Luminous Compounds,” 

§(7). 

Luminescent Materials, Uses of. Seo 
“ Luminous Compounds,” § (8). 
Luminescent Substances, light omitted by, 
when exposed to a-rays ; particularly zinc 
sulphide. See “Luminous Compounds,” § (2). 

LUMINOUS COMPOUNDS 

The discovery of self-luminous compounds 
dates back to the days of alchemy. They 
were originally prepared at Bologna by 
calcining crystals of barium sulphate with 
organic matter such as flour. This operation 
converted the sulphate into the sulphide 
which after exposure to daylight appears 
luminous when placed in the dark. The 
salt was known as “ Bolognian phosphorus ” 
owing to its similarity as regards luminescence 
to jjhbsphqrus which was discovered before 
it. Another luminous compound was pre- 
pared by roasting oyster shell with sulphur. 
This yielded calcium sulphide and was Imown 
as “ Canton’s phosphorus.” This salt was 
greatly improved by Balmain, who found 
that very minute quantities of other substances 
such as bismuth mixed with it added greatly 
to its luminosity. This substance emits a 
bluish light for several hours after exposure 
to light. It was first employed about 1877 
on watch and clock dials, but was practically 
discarded about twenty years ago, largely 
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for the reason that it was necessary to expose 
the article to light to render the luminous 
.paint effective. 

§ (1) Radioactivity. — After the discovery 
of radium and other radioactive substances 
it was found that the rays from these sub- 
stances were capable of exciting certain 
materials to the emission of visible light, 
even when those materials were not previously 
exposed to light. Becquerel ^ examined the 
luminescence produced in a number of materials 
when exposed to the rays from radium. The 
substance to be studied was placed in the form 
of powder above the radium on a thin sheet 
of mica.- The folio-wing table shows the rela- 
tive intensities of the luminescence excited in 
various substances : 



Intensity. 

Substance. 

Without 

Screen. 

With Screen 
of Black 
Paper. 

Hexagonal zinc blende . 

13-35 

0-04 

Barium platino-cyanide 

1-99 

0-05 

Diamond .... 

1-M 

0-01 

Double sulphate of 1 
uranium and potassium/ 

1-00 

0-31 

Calcium fluoride 

0-30 

0-02 


The values of the intensities given in the 
second column are those when the rays from 
the radium fall on the powder after passing 
through the thin sheet of mica supporting 
the powder. The mica sheet is so thin that 
only a small percentage of the a-rays emitted 
by the radium is absorbed. The intensity 
of the luminescence produced by the rays 
after passing through a sheet of black paper 
in adition to the mica is shown in the last 
column and is in each case given relative to 
that Tvithout the screen taken as unity. 
The sheet of paper is sufficiently thick to 
absorb most of the a-rays. It will be observed 
that there is a great diminution in luminosity 
when the rays are passed through the paper, 
which shows that the luminescence produced 
without the screen is mainly due to the 
a-rays. The material which shows the 
greatest effect is zinc sulphide — so-called 
“ Sidot’s hexagonal zinc blende.” This gives 
by far the greatest luminescence of all mate- 
rials Mtherto examined when exposed to rays 
from radium. 

§ (2) Luminesobnt Substances. — The light 
emitted by different materials when exposed 
to a-rays differs very markedly. Zinc sulphide 
preparations have a yellowish - green hue ; 
willemite gives a very bright green hue ; 
calcium tungstate has a bluish-green tint ; 
cadmium phosphate a decided red colour. 
Calcium sulphide is very similar to willemite, 

^ Comptes Rmdm, 1899, cxxix. 912. 


but its phosphorescence is more persistent ; 
calcium saHcylate is similar to calcium 
tungstate. 

Some of these substances become luminous 
under the action of X-rays and ultra-violet 
light, but the effect due to these rays gives no 
definite guidance as to the effect to be expected 
when exposed to the rays from radium. For 
instance, the double sulphate of uranium and 
potassium is more luminous than hexagonal 
zinc sulphide under the action of X-rays, 
but the reverse is true of radium rays ; under 
the influence of these rays calcium sulphide 
gives a blue luminescence, but is hardly 
affected by X-rays. Hence substances which 
are very luminescent under the action of 
X-rays do not necessarily produce the brightest 
luminous mixtures when radium is used. 

The luminosity of zinc sulphide, and in fact 
that of all the other responsive salts, depends 
upon the state of its purity. Very pure zinc 
sulphide shows but little luminescence under 
the action of the ra.ys from, radium. It re- 
quires a trace of an impurity in it to produce 
the best effect. The luminosity depends upon 
the nature and the amount of this impurity 
— the colour of the luminescence also changes 
as the impurity is varied. There are therefore 
grades of zinc sulphide, depending upon the 
nature and amount of impurity present, which 
vary greatly in their response to the rays. 

To test the suitabUity of any given material 
as a base for a luminous compound it is 
necessary either to add radium directly to 
the substance and compare the resulting 
luminosity -with that of a good grade of zinc 
sulphide or else to bring the a-rays to play 
on the materials in a manner similar to that 
employed by Becquerel in his original investi- 
gation. The following method of examination 
is due to Viol and Hammer ^ and has been 
found very satisfactory. A plate of polonium 
about 20 millimetres in diameter is prepared 
which serves as an intense source of a-rays. 
With a suitable polonium plate a superficial 
luminescence can be obtained in zinc sulphide 
equal to that obtained by the addition of 
several hundred microgrammes of radium 
element per gramme of zinc sulphide. By 
holding this plate over two adjacent specimens 
of zinc sulphide or other material it is possible 
to determine with ease and rapidity the 
relative values of their a-ray luminescence. 

At present the responsive base most com- 
monly used for luminous compounds is zinc 
sulphide and the luminosities of other 
compounds are usually referred to that of a 
standard grade of this material. 

§ (3) Peepaeation oe Zinc Sulphide Lumi- 
nous Compound. — There are two methods ® 

® Am. Electrochem. Soc. Trans., 1917, xxxii. 381. 

® The -writer is indebted to Mr. F. H. Glew for 
details of these methods of preparation. 
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employed of mixing the radium salt with the 
sulphide, which may be called the dry method 
and the wet method respectively. Each of 
these methods has its own advantages, but 
of the two the latter is the more satisfactory. 

(i.) The Dry Method , — Suppose it is desired 
to make a luminous compound containing a 
specified araoimt of radium per gramme of 
compound. A tube of Icnown radium content 
is taken and its contents transferred into a 
well-polished agate mortar. The amount of 
zinc sulphide to be mixed with this quantity 
of radium to make a compound of the required 
strength is weighed out and placed in a watch- 
glass near at hand. When transferring the 
radium from the tube to the mortar it is 
difficult to remove all the salt, as some of it 
adlieros to the walls of the tube even though 
the latter is tapped during the operation. 
Most of the remaining salt may, however, 
be removed by putting a little of the zinc 
sulphide into the tube and rubbing it on 
the inside walls by means of a small camel- 
hair brush. Only a very small quantity of 
the sulphide need be used for this purpose. 
The operation may be repeated five or six 
times so as to ensure that most of the material 
chnging to the walls is removed. Having now 
transferred the radium into the moi’tar it is 
ground for about twentj^ minutes into a fine, 
powder. A small quantity of zinc sulpliide 
is afterwards added, say about 1 gramme, 
and mixed with the radium by means of a 
spatula ; no pressure is appUed to the salt 
so as to preserve the zinc sulphide crystals, 
which should bo kept as largo as possible to 
obtain the best results. More sulphide is 
added and again thoroughly mixed with the 
mixture already in the mortar. If the 
quantity of zinc sulphide is not too largo it 
may all bo added little by little to the radium, 
stirring constantly and keeping about two 
grammes of sulphide in hand for final washings 
of camel-hair brush, spatula, and funnel used 
to transfer the compound from mortar to 
bottle. It is advisable not to fill the bottle too 
full so that the compound may be well shaken 
in it for final mixing. 

(n.) The Wet Method . — Ear this method it 
is necessary to use a radium salt which is 
soluble in water, the bromide or the chloride 
is suitable for the purpose. A tube containing 
a measured amount of one of those salts is 
taken and its contents dissolved in a known 
volume of distilled water with a trace of 
hydrochloric acid added to ensure that all 
the salt passes into solution. Suppose it is 
necessary to make a certain amount of 
luminous compound of a given strength. A 
volume of the solution containing the required 
amount of radium is measured out and 
placed in a shallow porcelain dish. If the 
volume of solution is greater than that 


necessary just to moisten the whole mass 
of the zinc sulphide required to make up 
the compound, it is advisable to evaporate 
oli some of the water. Having reduced the 
volume of the solution the whole of tlie zinc 
sulphide is slowly added to it until all the 
liquid is absorbed. The dish is now placed 
in a water bath and allowed to remain there 
until the salt is thoroughly dry, occasionally 
lightly stirring the whole mass with a glass 
rod to break up any lumps that may be 
formed. When quite dry any small lumps 
may be smoothed out on a piece of ground 
glass by moans of a flexible palette knife of 
gold, platinum, or bone, afterwards mixing 
thoroughly on the ground glass. Very little 
pressure should bo used during this process, in 
order to avoid breaking up the zinc sulphide 
crystals. This method ensures that the radium 
is uniformly mixed Avith the sulphide and in 
this rospect is superior to the dry method. 

The dry method of preparation is very 
useful in the case of salts that are insoluble 
or only slightly soluble in water, but tho wet 
motliod is more accurate. Also, whereas a 
given quantity of luminous compound of 
any desired strength can be readily maxlo by 
the latter method, the quantity of compound 
of given strength which can bo made by 
tho former method depends upon the amount 
of radium which the tube to hand contains. 

§ (4) AvpMOATION Off THB COMPOUND TO 
Diads, eto. — Tho radium compound can be 
q.pplied to dials, etc., by mixing the ])owdor 
with some binding material such as celluloid, 
crystal, or copal varnish. Tho best method 

of mixing is to jjlaco a little heap of tho 

compound in tho form of powder in the 
middle of a watch-glass, and then to add 

a few drops of turpentine to tho base of 

the heap. Tho turpentine is draAvn up by 
caxfillarity into tho body of tho iiowdor 

driving tho air out in front of it. Vaniisli 
is then added, the minimum possible quantity 
being used, and tho whole thoroughly mixed 
with the brush which is finally going to bo 
used for tho application of tho paint. It is 
most readily applied by means of a fine sable 
brush. In painting a dial, for instance, 
succossivo coats of the ])aiiit are applied, 

each coat being allowed to dry thoroughly 
before putting on tho next. It will be seen 
later that the addition of tho varnish cuts 
down tho luminosity of the powder by about 
76 per cent even thougli the minimum amount 
of varnish be employed in tho mixing. It is 
important, therefore, to keep the amount of 
varnish as small as possible. If the object 
painted is not i)rotectod by a glass cover or 
by some other means, it is advisable to givo 
it a final coat of varnish for a protection. 
When tho paint is to bo axiplied directly to 
silver, iron, brass, or copper, a preliminary 
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coating of zinc white mixed with, the varnish 
should be given. It is inadvisable to use 
white lead for this purpose because zinc 
sulphide reacts with this compound producing 
a dark sulphide which will reduce the lumi- 
nosity of the paint. 

Painted surfaces should not be submitted to 
measurement of luminosity for at least seven 
days after the final coat of varnish has 
completely dried. The manipulation of the 
compound in powder and licpiid form permits 
the escape of emanation, the presence of 
which enhances the luminous effect ; after a 
time this again accumulates, but it does not 
reach a state of radioactive equilibrium on 
account of the porosity of the varnish. A 
sufficient amount, however, is hold by the 
varnish to give a very appreciable increase in 
the luminosity after a few days’ time. 

§ (5) Measurement oe Radium Content. — 
The radium content of a luminous compound is 
usually measured by one of the y-ray methods 
(see under “Radium”). The compound, after 
being made, is hormotically sealed in a glass 
tube and put aside for about four weeks before 
it is comimrod with the radium standard. 
During this interval emanation is accumulating 
and this reaches a state of radioactive equi- 
librium with its products in about a month’s 
time. The curve shown in Fig. 1 shows the 



increase of the y-ray activity of a tube of 
radium compound prepared by the dry method 
from the day it was sealed up until it reached 
a state of radioactive equilibrium. The 
amount of radium per gramme of compound is 
generally small and it requires a few grammes 
of the compound in order to carry out an 
accurate comparison with the standard. On 
this account the y-rays omitted by the radium 
in the compound have to pass through a 
considerable thickness of material before they 
leave the tube, and the absorption taking 


place has to bo corrected for in deducing the 
true radium content from the actual observa- 
tions. Suppose that the tube containing the 
radium compound is oylindrical. Let I be 
the measured intensity of the y-radiation 
emitted and I„ the intensitj’’ if no absorption 
had taken place. Neglecting the correction 
due to the obliquity of the rays it can be 
readily shown that ^ 

1 ^ + 

ifl A -1* 1 r(r4-l)/2 

where /x is the coefficient of absorption of 
the rays per oontimetro tliicknesa of the 
compound and a the radius of the tube in cm. 
The values of the constants Cq, Cji, Cg . . . 
are given in the following table : 


Coofhclont. 

Value, 

CocOlclonb. 

Value. 

^0 

-1-1-000000 

(■'7 

- 0-001042 


-0 -848820 


+ 0-000347 


-1-0-500000 

(Jj 

- 0-000007 


- 0-22(1.754 

^'10 

+0-000012 


-1-0-08333.7 


-0-000002 

b's 

-0-0268()« 


+ 0-000000 

^'o 

+0-000944 



The moan value of the absorption coefficient 
of the rays in zinc sulphide in the powdered 
form may bo taken as OTO per cm. Also the 
absorption coefficient of the rays in soda glass 
is O'lO per cm., so that wo have the following 
table giving the ratio of the true to the 
apparent or moasurod radium content for 
tubes of di/Ioront external diameters : 


External Diameter ot 
Containing Tnbo. 

Cm. 

Tnio Content 
Aiiparcnt Cemteut’ 

0-6 

1-02 

1-0 

1-04 

1-5 

1-005 

2-0 

1-09 

2-5 

1-11 

3-0 

M3 


§ (0) Luminositv. — The luminosity of 
radium compound is moasurod by the photo- 
metric method. “ The luminosity falls ofi with 
time. This loss of brightness is not duo to 
any change in the radium, because it takes 
about 1700 years for the radium to decay to 
half value. The cause is to ho sought for in 
the deterioration of the zinc sulphide, brought 
about by the continued bombardment of the 
crystals by the a-partiolos. 

(i.) Rale of Decay of Luminosily of Dry 
Malerial.—kn. extensive investigation of the 

^ Soo Owen and Pago,P/j 2 / 8 . Soc. Proa., 1921, xxxiv. 

I. 27. 

“ Soo “Photometry and Illumination,” § 125. 
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loss of brilliancy of radium compound has been 
carried out by Paterson, Walsh, and Higgins.^ 
Fig. 2 is a curve which shows the variation 
with time of the luminosity of a sami^le 
of compound containing 0-2 mgm. radium 
element per gramme. The same type of 
curve is obtained whether the sample is 
prepared by the dry or by the wet method. 
After attaining its maximum value at the 
end of about 10 to 20 days after mixing 
the luminosity begins to decrease, at first 
very gradually and then more rapidly, until, 
after a period of about six to seven weeks 
from the date of mixing, the rate of decay 
appears to obey an exponential law, that is, 
the ratio of the rate of decay of luminosity 
at any time to the luminosity at that time 
is constant, so that if B is the luminosity at 
any time t, and Bq the initial luminosity, then 
B=Boe~*^, where Jfc is a constant. At the 
end of about 200 days, however, the luminosity 
begins to diminish at a slower rate than that 
to be expected from the above law. This 



Time in Dana 
Pro. 2. 


would indicate that there is an ofEect suj)er- 
posed on the normal decay operating in the 
reverse direction, which becomes relatively 
more and more important as the luminosity 
becomes smaller. After about 500 days the 
luminosity attains a value which is sensibly 
constant. Tins period, however, is not the 
same for all compounds, as in some the rate of 
decay diminishes more rapidly than in others. 

(ii.) Ejfect of Radium Content . — The effect of 
the amount of radium present per gramme of 
compormd on the rate of decay of luminosity 
is shown in Fig. 3. The curves refer to two 
samples of compound j)repared at the same 
time with an identical quality of zinc sulphide, 
the one sample (top curve in figure) contain- 
ing twice as much radium per gramme as the 
other. The initial brightness is approximately 
in the direct ratio of the radium content, but 
the rate of decay of compound of smaller 
content is slower, 6o that the ratio of the 
luminosities of the two samples gradually ap- 
proaches unity as time goes on. Hence if a 
compound is to be used for a long period of 

' Phns. Soo, Proc., 1917, xxlx. 215. 


time, there is very little advantage to be gained, 
cxcei)t from the i)oint of view of initial bright- 
ness, by increasing the radium content beyond 
a certain value. For short-period use, say 
three to four months, the radium content may 



be usefully as high as 0-2 milligramme of 
radium element per gramme of compound. 
If the compound is likely to 'bo required 
for more than six months, the use of a 
compound containing more than 0-1 milli- 
gramme of radium element per granrmo of 
compound can only be justified by the need 
of greater brilliancy during the early ]jart of 
the life. 

(iii.) Effect of TMcIcness . — The effect of 
thickness of material on the lummosity is 
shown ® in Fig. 4. The curves refer to 
a compound containing 0T5 milligramme 
radium element ]ror grammo. When freshly 
made the ratio of the luminosity of a thiokness 
of 0-3 mm. of compound to that of a thiclmoss 
of 1-5 mm. is 0-(53 (curve A). After an inter- 
val of 100 days (curve B) this ratio increases 



to 0-75, whilst its value after 200 days (curve 
C) roaches 0-82. Henc.o to obtain maximum 
luminosity it is unnecessary to employ a 
thiokness greater than about 0-3 mm. of a 
compound containing OTG mgm. radium 
element per grammo when it is to bo used 
over a long period of time. 

An increase in thiokness, besides increasing 
up to a certain point the initial brightness, 
also tends to accelerate the decay of luminosity 
— the effect is similar to that of increasing the 
* Clinton, JUum. Eng., 1918, xl. 200. 
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percentage amount of radium in the composi- 
tion. This can be explained by the fact that 
in the greater thicknesses the front layers of 
material will receive additional bombard- 
ment from the radium in the deeper layers, 
and Avill therefore glow brighter, but have a 
shorter life, than if a thinner layer of material 
were used. 

(iv.) Rate of Deoay of Ltiminosity of Var- 
nish Material . — The above results apply to 
luminous compound's in the dry state. When 
mixed with varnish and apjdied to dials, etc., 
the rate of decay of luminosity is different. 
The results obtained with six metal dials used 
for aeroplane instruments are given in the 
following table : 


Dial. 

Initial 
Luminosity 
(por o«nt of 
Standard). 

Luiiilitoalty 
after Twolvo 
Moiitliafjieroaiit 
of Standard). 

nooay of 
Luminosity (per 
oant of Initial 
Lumiuoelty). 

1 

94 

69 

03 

2 

. 82 

46 

66 

3 

94 

67 

61 

4 

03 

33 

62 

6 

91 

39 

43 

G 

62 

24 

40 



Average 

. 63 


The dials were all ordinary metal dials 
painted with a matt black surface, and having 
the luminous compound laid on in fine linos 
about 0-2 mm. to 0-3 mm. high to mark the 
graduations and figures of the dial. They 
were painted with different samples of lumi- 
nous compound containing 0-2 mgm. radium 
element per gramme. 

The rate of decay of luminosity of the dials 
is noticeably lower than that of the of)mpound 
before ap]fiioation, the half -value period of 
the painted dial being about twelve months, 
whereas that of the dry powder is only 
about five months (see Fig. 2), The initial 
luminosity of the painted dial is also smaller, 
being of the order of ^ or J of that of the 
compound before application. The radium 
content of the varnish matoiial may therefore 
with advantage he higher than that of the 
dry material. For short-period use it may bo 
advantageous for some purposes to use varnish 
material oontaining as much as 0-3 mgm. or 
0-4 mgm. radium element per gramme, hut 
for long-period use the most suitable radium 
content is 0-2 mgm. per gramme, and maxi- 
mum luminosity may be obtained by using 
one gramme of compound to paint an area of 
about 30 square centimetres.^ It is important 
that the interval between the preparation of 
the compound in the dry state and its appli- 
cation to the dial should bo as short as 
possible, as the deterioration in luminosity 
takes place from twice to three times as 
* See Glow, Opt. 8oo. Trans., 1916, xvi. 270. 


rapidly in the powder as in the painted 
dial. These differences between the dry and 
varnish compounds are due to the fact that 
the varnish impedes the activity of the a-ray 
bombardment from the radium and thereby 
causes an effective lowering of the radium 
content of the compound with a subsequent 
reduction of both the initial luminosity and 
also the rate of decay. 

§ (7) Cause oe Luminescence oe Luminous 
Compounds. — Marsdon ^ studied the effect of 
continued bombardment of a-particles on a 
screen of zinc sulphide and found that the 
actual number of scintillations produced by 
a constant source of a-partiolos changes very 
little with time of exposure, but that the 
briglitness of the scintillations rapidly dimin- 
ishes. Pure zinc sulphide does not exliibit 
the scintillation effect, but a salt containing 
an amount of impurity of the order of 1 per 
cent does. Assuming then that the scintilla- 
tions aro duo to the jn’eseiioo of this impurity, 
only a small fraction of the total number of 
molecules aro oonoornod in the effect. Ruther- 
ford ^ explained tho sointillation effect by 
assuming that the impurity causes tho 
p^resonco of a number of “ active centres ” 
in tho salt whioh are on the average uniformly 
distributed among tho inactive molecules. 
Wlien an a-partiolo strikes an active oontro 
tho latter is dissociated and omits light, but 
it is no longer offoetivo in x)roduoing light when 
struck again by an a-partiolo. Tho effect of 
tho continuod bombardment by a-j)articlos is 
thus to destroy gradually tho active centres. 
Since jjrobably many thousands of those 
centres initially lie in the jjath of tho a-particlo 
tho effect of a continued bombardment will 
not cause an appreciable diminution in the 
number of sointillations, but it will diminish 
their intensities, for the intensity of a scintilla- 
tion on tho average will bo proportional to the 
number of active ooutres remaining. Those 
oonolusions agree witli the experimental 
results of Marsden. Tho thooiy in its simple 
form fails, however, to represent exactly aU 
the facts which later experiments have brought 
to light. For instance, Paterson, Walsh, and 
Higgins (loc. cil.) found that tho luminosity 
of a luminous compound at first rises rapidly 
to a maximum and then decreases according 
to an exponential law for about 200 days. 
After that time tho rate of deorcaso of lumi- 
nosity becomes slower and slower, tho bright- 
ness tending to approach a limiting value 
whioh is not zero. .Rutherford's theory gives 
a good approximation for the early period of 
decay, but fails increasingly at tho later period. 
Tho theory has been extended by 'Walsh,* 
who assumes that the active centres whioh 
have boon struck by a-partiolos, and according 

* Roj/. Soc. Proc. A, lOK), Ixxxlv. G48. 

» Ibid., 1910, Ixxxlv. GOl. ‘ Ibid., 1017, xciii. G50. 
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to Rutherford’s theory are put completely 
out of action from the point of view of lumines- 
cence, commence to recover according to an 
exponential law. With this modification the 
theory represents the observed facts much 
more accurately. 

§ (8) Usiss OF Luminescent Materials. — 
Daylight luminous paints can only be used 
in exposed situations so that daylight can 
freely be absorbed to .be given out again at 
night. Some use has been made of this class 
of luminous paint ^n shipping — luminous life 
belts are employed which may be clearly seen 
at night when thrown into the water ; floating 
buoys can also be distinguished at night. 

Much more use can be made, however, of 
luminous paints which are independent of 
daylight. Paper, porcelain and metals, dials 
of all sorts bearing figures and lines, are now 
used. In the case of some instruments, such 
as those used in aeroplanes, the requirements 
of luminosity are most important and outweigh 
other considerations as to cost and length of 
effective life. For such purposes grades of 
luminous paint are prepared which give the 
highest initial brightness. These have a 
high radium content and consequently a short 
effective life. For many other purposes such 
as that of illuminating marching oom]iasses, 
dials of wrist watches, etc., a paint of lower 
initial luminosity is prepared, and this has the 
advantage of a lower cost and a longer life. 
For watches, push buttons, etc., of the better 
grade an effective life of ten years or more 
is desirable, and assuming that a luminosity 
of 25 per cent of the original is still satisfactory, 
a luminous paint containing about 100 micro- 
grammes of radium element per gramme of 
compound should answer tho requirement. 
Compounds with more radium than this would 
have a shorter effective life, and compounds 


with a smaller proportion of I'adium a longer 
effective life. 

During the war much use was made of 
radium luminous compound in the dry 
powder form for gun-sights, to facilitate accu- 
rate night-firing. For this purpose the powder 
was sealed up in small flat glass tubes, their 
internal bore from back to front not exceeding 
about 0-4 mm., their other dimensions de- 
pending upon the class of instrument to which 
they were attached. For illuminating at 
night the cross wires of telescopic gun-sights 
attached to big guns, the powder was placed 
in glass tubes of about 0-5 mm. bore bent 
into circular forms to fit the metal tube of the 
gun-sight and situated near tho iflane of the 
cross wires. This device did away with the 
necessity of having glow-lamps for illuminating 
purposes with the attendant risk of detection 
by the enemy. j3. a., o. 

Luminous Paint (Ra.dium), Photometry of. 

See “ Photometry and Illumination,” § (125). 
Luminous Power (or Intensity) : a source 
of light. See “ Photometry and Illumina- 
tion,” § (2). 

Lummer-Brodhun Photometer: one of the 
most sensitive types of photometer head. 
See “ Photometry and Illumination,” § (18). 
Lummbe-Brouhun Speotrophotometeb. See 
“ Spectrophotometry,” § (12). 
Lummer-Kurlbaum Standard : an inoan- 
desconco standard. of light. See “Photo- 
metry and Illumination,” § (10). 

Lux : tho unit of illumination ; another name 
for the metre-candle. See “ Photometry 
and Illumination,” § (2). 

Luxometer : a i>ortablo illumination photo- 
meter. See “ Photometry and Illumina- 
• tion,” § (61). 


M 


M Series : a group of spectrum lines in the 
characteristic X-rays emitted by an element. 
See “ Radiology,” § (17). 

Maddox Set of Rods or Grooves : an effect- 
ive apparatus for distorting one of tho 
two images of an object seen by a subject’s 
two eyes, so that the brain no longer 
attempts to associate it with the other 
image ; this is the first step in the use of 
a phorometer. See “ Ophthalmic Optical 
Apparatus,” § (3). 

Magnesia, Use of, in Glass Manufacture. 
See “ Glass,” § (9). 

Magnetic Compass, description. See “ Navi- 
gation and Navigational Instruments,” 
§(9). 

Mathematical theory. Sec ibid . § (10). 


MAGNETIC ROTATORY POWER 

§ (1) Faraday’s Exp.ebiments. — The pheno- 
menon of magnetic rotation of the j)lane of 
polarisation of light was discovered by Faraday 
in 1846, and described by liim in a paper “ On 
the Magnetisation of laght.” ^ A ray of 
light issuing from an Argand lamp was 
polarised in a horizontal plane by reflection 
from a surface of glass, and the polarised ray 
passed through a Nicol’s eyepiece revolving 
on a horizontal axis. Between the polarising 
mirror and the eyepiece two powerful electro- 
magnetic poles were arranged ; they were 
separated from each other by about 2 inches 
in tho direction of the line of the ray, which 
passed either by the aide of them or betv oen 
^ Phil . Trans ., 1840, p. 1. 


200 


MAGNETIC ROTATORY POWER 


them in such a way that the ray was nearly 
parallel to the magnetic linos of force. A 
piece of dense optical glass (borosilicate of 
lead), which he had described in 
1830, about 2 inches square and 0-5 
inch thick, was placed lengthways 
between the x^oles. The eyepiece 
was turned to extinguish the polar- 
ised ray, but this was transmitted 
again when the current was passed 
through the electromagnet. The 
image of the lamp flame was, how- 
ever, extinguished again by rotat- 
ing the eyepiece to the right or to 
the left according to the direction 
of the current in the electromagnet. 

The rotation was found to be pro- 
portional to the intensity of the 
magnetic force and to the length of 
the column of glass exposed to it. 

Smaller rotations were produced by 
other glasses, by some crystals, by 
water, alcohol, ether, various oils, 
and a largo range of aqueous solu- 
tions, but no action was detected 
in the case of gases. When the 
medium possessed a natural rotatory 
j)owor, the magnetic rotations 
were superposed upon {i.e. added 
to or subtracted from) the natural rotations. 

§ (2) Appabatus and Mbthods of Mbastxbe- 
MENT. — The typo of apparatus used for 



Irio. 1. 


measurements of magnetic rotatory power is 
shown in Figs. 1 and 2, whilst the eleotiioal 
connections are shown in Fig. S.’- 

> Trans. Chem. Soc., 1013, oiii. 1322 and 1331. 


A coil of insulated copjoer wire A is wound 
in the form of a bobbin on a brass tube jjro- 
vided with a thin lining of cold water to 


protect the material under examination from 
the heat of the magnet. The coil is enclosed 
by iron (or mild stool) ond-pioeos and a length 
of ii'on pipe ; and movable polo-pieces are 
provided to load tlio linos of force to tiro axis 
of the magnet, fl’ho magnet is mounted on 
rails, BB, so that it can bo rolled away from 
the axis of the polarimotor, and wedges CO 
are provided for bringing the axis of the 
magnet into lino with the axis of the polari- 
motor. 

The substance to bo examined (usually a 
liquid) is enclosed in a double water-jacket, 
connected to a tliormostat. A correction 
must be applied for the discs at the end of the 
tube, since those produce a magnotio rotation 
of light ; this correction is usually deter- 
mined by introducing half-a-dozen discs to- 
gether, and calculating the ofEoct for a single 
disc ; a group of discs, or a short rod of glass; 
may also bo used to explore the strength of 
the magnetic field along the axis. In view of 
the variations which are usually found, it is 
convenient to standardise the apparatus by 
making measurements of the magnotio rota- 
tion produced by a tube of water, and using 
this as a basis of comparison for otlier liquids. 

As the resistance of the magnet increases 
with rising temperature, a series of resistances 
is provided (Fig. 3) which can be out out as 
tlie magnet becomes hot. Casual variations 
in the voltage on the mains are compensated 
by a sliding resistance and a carbon resistance, 
tlio constancy of the current being ohoclced by 
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a null method, as shown in Fig. 3. Measure- 
ments are made wth the current in each 
direction, the normal value of the readings. 



in the apparatus shown being about ±5°, or 
10° in all. 

In calculating the molecular magnetic rota- 
tion of a liquid, the fcmmula generally used is 


Mol. rot. 


?• X M . ro X Mo 


where r and are the observed rotations for 
the substance and for water, M and Mq are 
their molecular weights, and d, d^ their 
densities.^ 

§ (3) Influbnoe of the Medium. — The 
molecular rotations of a large number of 
compounds have been investigated, especially 
by Sir William Perldn.® The main result of 
these researches, which need not be described 
in detail, is to show that the molecular magnetic 
rotatory power of a substance is essentially 
an additive property, made up of the sura of 
the atomic rotations of the constituent atoms. 
This xmopeity is therefore closely analogous 
to the molecular refraction of a compound, but 
differs from it in that the influence of chemical 
constitution is more pronounoed. Measure- 
ments of magnetic rotatory power can, there- 
fore, be used to throw light on the constitution 
of compounds of doubtful molecular structure, 
e.g. in oases of dynamic isomerism, where 
ordinary chemical methods are not available. 

§ (4) Relation between REFRACTtoN and 
Magnetio Rotation. — Drude® has deduced 
the following relationship. If the refractive 
index n can "be represented with sufficient 
accuracy by the equation 

2 . * 


' Perldn, Trans. Cliem. Boa., 189ft, p. 1000. 

® Trans. Ghem. Soc., 1884, p. 421 : 1880, pp, 206, 
317, and 777 ; 1887. pp. 302 and 808 ; 1888, pp. 661 
and 696 ; 1889, p. 680 ; 1891, p. 081 ; J892, p. 800 ; 
1893, pp. .57 and 488 ; 1894, pp. 20, 402, and 816; 
1895, p. 255 ; 1806, p. 1026 ; 1902, pp. 177 and 202 ; 
1905, p. 1491; 1006, pp. 33, 008, and 849 ; 1907, 
p, 800. 

“ Theorv of Optics, 1907, ch. vli. p. 439. 


then the magnetic rotation can bo represented 
by the formula 




This formula was tested with satisfactory 
results in the case of carbon disulphide and 
of creosote (sic), but in view of tlie slender 
character of the data used for the test, and 
the fact that two arbitrary constants, a' and 
b', are available for adjustment, in addition 
to the three constants a, b, and ^, used to 
express the refractive power, the value of this 
formula does not appear to be very great. 

§ (5) Natural and Magnetio Rotatory 
Dispersion. — Six years after Faraday had 
discovered the “ magnetisation of light,” 
Wiedemann * made comparative measure- 
ments of the natural and magnetic rotations 
in turpentine for five wave-lengths in the 
solar spectrum, and concluded that the two 
rotations wore prox>ortional throughout the 
spectrum. This relation, which is generally 
known as Wiedemann’s Law, has been verified 
in the case of quartz ® and of sodium chlorate,® 
and is perhaps generally true for optically 
active crystals. In the case of optically 
active liquids, however, it generally foils, 
and the approximate agreement between the 
magnitude of the two dispersions, which is 
occasionally observed, is probably only a 
coincidence.’ It is, however, important to 
notice that the simple dispersion formula 


k 

which serves to express the natural rotatory 
dispersion in a wide range of com])ounds, can 
bo used equally well for magnetic rotatory 
dispersions, although its validity cannot bo 
subjected to the same drastic tests, on account 
of tlio small magnitude of the readings which 
are usually obtained. Until more exact 
measurements are available, this simple two- 
constant formula may bo used to represent 
the data for magnotic rotatory dispersion, in 
preference to Drudo’s formula, which involves 
five constants and demands a knowledge also 
of the refractive dispersion of tlio compound. 

T. M. L, 


Magnification Mbthods of determining 
Focal Lengths. See “ Objectives, Testing 
of Compound,” § (2) (iii.). 

Mandolin : a musical instrument of four 
double strings which are plucked with a 
plectrum and stopped with the left hand 
upon the fingerboard. See “ Sound,” § (27). 

‘ Pong. Ann. Pliya. Ghem., 1861, )J. 82, 231. 

' Lowry, PhU. Trans., 1912, A, ccxli. 296. 

“ J. Dahicii. Zeilachr. wiss. Phot., 1916, xlv. 316. 

’ Lowr.v, Plcltard, and Kenyon, 'Trans. Ghem. Soc., 
1914, cv. 96. 
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Mangin Mieeoe, for headlights. See “ Pro- 
jection Apparatus,” § (10), 

For searchlights. See ibid. § (12), 

For signalling lamps. See ibid. § (11), 

Map Projections. See “ Surveying and 
Surveying Instruments,” § (8). 

Martens Illumination Photometer. See 
“ Photometry and Illumination,” § (60). 

Martens Polarisation Photometer. See 
“ Photometry and Illumination,” § (30). 

Martens (Ko nig-) Spectrophotometer.. See 
“ Spectrophotometry,” § (12). 

Mass, Absorption CopppioiENT : a constant in 
X-ray measurements obtained by dividing 
the absorption-coefficient of an absorbing 
material by its density. See “ Radiology,” 

§ (17)- 

Matthews-Dykb Photometer : a photo- 
meter for the determination of average 
candle-power. See “ Photometry and Il- 
lumination,” § (44). 

Matt Sureaoe : one in which specular reflec- 
tion is absent cir very slight. See “ Photo- 
metry and Illumination,” § (51), 

Maxwell’s Colour-box : an apparatus for 
determining the data required to s])ocify 
colours in terms of throe primary colours. 
See “ Eye,” § (10) 

Mean Horizontal Candle - power. See 
“ Photometry and Illumination,” §§ (2) and 
(38). 

Mean Spiierioal Candle - power. See 
“ Photometry and Illumination,” § (2) and 
§ (42) et seq. 

Mean-tone T.bmperament : a particular 
musical temperament which uses one size 
of tone only, but makes it the moan of the 
largo and small tones required by the just 
intonation. See “ Sound,” § (6) (ii,). 

Melting oe Glass, Peoobss oe. See “ Glass^” 
§(15). 

Mesotiiorium, motliods of detection of 
presence of, in radium compounds. See 
“ Radium,” § (9) (iv.). 

Mbtre-oandle : the metric unit of illumina- 
tion, being the amount of light falling on a 
square centimetre placed in a direction 
normal to the light at a distance of one 
metre from a source of one candle-power. 
See “ Photometry and Illumination,” § (2). 

Mioa, Eeeeot oe a-RAYS on. See “ Radio- 
activity,” § (15). 

Miohblson’s absolute measurement of a light- 
wave by the interferometer method; by 
determining the number of waves of three 
radiations from cadmium vapour which 
wore equal in length to the standard metre. 
See “ Wave-lengths, the Measurement of,” 

§( 3 ). 


Miohelson’s Intereerometer. Twyman’s 
modification for testing optical instruments. 
See “ Interferometer, Technical Applica- 
tions,” § (5). 

Micrometer Microscopes. See ” Divided 
Circles,” § (13). 

Mioro-polarimeter : a polarimeter designed 
to measure the optical rotation of substances 
that can only be obtained in small quantities. 
See “ Polarimetry,” § (15) (i.). 

Miorosgope. Applications to curvature 
measurements. See “ Spherometry,”»§ (8). 


MICROSCOPE, OPTICS OF THE 
1. Introduction 

The compound microscoiie consists of an ob- 
jective which forms an inverted real image of 
tho object under observation, and of an eye- 
piece by which the primary image is further 
magnified and either presented to the eye of 
the observer as an inverted virtual image, or 
projected upon a screen or photographic plate 
as an erect real image. 

As the instrument can be usefully employed 
only within that part of its field for which the 
aberrations are sufficiently well corrected, the 
effects produced 'may be legitimately discussed 
with the aid of the first approximation theory 
of Gauss and Abbe ; for as all the rays from 
any one object-point must pass very nearly 
through the conjugate image-points, the latter 
may be definitely located by tho intersection 
of any two suitably selected rays starting from 
the object-point, and any one single ray traced 
from tho object-point must bo a geometrical 
locus of the imago. 

Roforrmg to the accompanying diagram 
which represents an object 00^ observed 



through an objective of which only the outside 
surfaces are indicated, and through an eyepiece 
of tho usual Huygenian type, it is assumed that 
the instrument has been focussed so that the 
rays from the axial object-point 0, if not inter- 
cepted, would produce a i^rimary image at F„, 
the first or anterior principal focus of the eye- 
piece, and that the further refraction of these 
rays by tho eyepiece lenses would therefore 
load to their emergence from tho eye-lens as a 
bundle of parallel rays which would he inter- 
preted by the observer as coming from a very 
distant virtual image-point. To determine tho 
image of the extra-axial object-point 0^, a ray 
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starting from, this point in a direction parallel 
to the axis of the instrument is selected. By 
the general theory of lenses referred to, such 
a ray will emerge from the objective as if it 
had proceeded without deviation to the second 
or upper principal plane of the objective 
and had there been bent so as to go through 
the second or upper focal point F',, of the 
objective, the axial distance from to F', 
representing the equivalent focal length f'a of 
the objective. This ray represents a geo- 
metrical locus of the image, and as a perfect 
objective would give an image at right angles 
to the optical axis of the similarly orientated 
object OO^, FgO'i must be the primary image, 
and similar triangles with a common comer 
at F'o at once give its magnification as 

... (a) 

the minus sign being added in accordance with 
convention because the image is inverted. 

F'^Fj, which is thus disclosed as a very 
important dimension, is known as the “ optical 
tube-length ” of the microscope, to distinguish 
it from the usually not very different “ mechan- 
ical tube-length,” which is measured from 
the lower to the upper extremity of the actual 
metal tube of the instrument. 

Equation (a) supplies the moans of deter- 
mining the equivalent focal length and as 
this is one' of the chief ohai’aoteristios of an 
objective, the method must be briefly described. 
The actual size of the primary imago can 
obviously bo read off if the image is received 
directly on a divided scale or “ eyepiece micro- 
meter.” If such a micrometer, of Ramsden 
form, is available, it can bo used as it is. 
Usually, however, microscopes have only Huy- 
genian eyepieces and a simple glass-disc micro- 
meter which can be laid upon the internal 
field-diaphragm of any of these. In such a 
case the field-lens of the eyepiece to be em- 
ployed must be removed ; this will reduce the 
field and will cause a groat loss of sharpness 
in the extra axial images, but this must bo 
put up with, as the field-lens, if left in position, 
would greatly reduce the size of the primary 
image and would therefore utterly falsify the 
results. By observing a “ stage micrometer ” 
divided in the same unit of length as the eye- 
piece micrometer, may then be measured 
at any extension of the draw-tube. A first 
measurement should be made with the draw- 
tube completely pushed in ; let the result be 

fo 

The right side of this equation contains two 
unknown quantities and cannot therefore be 
solved for f'^. But if now a second measure- 
ment of is made with extended tube-length, 
F'uFg will obviously be increased by the 


amount of the extension D whicli can bo 
measured by an ordinary scale, and a second 
equation will be obtained, 


and combination of this (by subtraction) with 
the equation for gives at once 


When the equivalent focal length is thus de- 
termined, the location of F'„ may bo ascer- 
tained by measuring directly the location of 
the eyepiece micrometer with reference to the 
upper end of the tube, and by calculating .F'(,F, 
from the equation of the first observation. 

The location of the upper focal plane with 
reference to the lower end of the tube varies 
considerably in different objectives, especially 
in those oh low j)ower. This explams why 
objectives of the same equivalent focal length 
may give decidedly different magnifications 
when exchanged on the same mechanical tube- 
length. Opticians frequently misstate the focal 
length of low-power objectives deliberately in 
order to make the magnification produced by 
them agree with what is traditionally expected 
from given focal lengths. There is also a 
traditional custom of assigning to ordinary 
objectives of high power a longer focal length 
than they really possess — a nominal xS' 
being usually a inch ; disagreements up 
to 20 per cent between the directly measured 
and the stated focal length need not therefore 
be taken as indicative of errors in the measure- 
ments. 

The eyopioco magnifies the primary imago 
just as an ordinary magnifying glass magnifies 
a real object, and may therefore be taken as 
equal to the quotient of tho adopted distance of 
distinct vision (conventionally 250 mm. or 10 
inches) by tho equivalent focal length of tho 
eyepiece ; may be determined by the method 
already described by temporarily attaching tho 
eyepiece to the lower end of tho microscope 
tube, or any of the usual optical bench methods 
may be used. Tlio total magnification of tho 
instrument will then bo Tho 

.total magnification may be detorminod directly 
by projecting the image of a stage micrometer 
upon a scale at the conventional distance of 
distinct vision from tho eyepiece, or more 
strictly from tho bright disc of light (“ Rams- 
den circle ”) seen a little above the eye-lens ; 
this may bo done visually by looking with one 
eye at the imago of tho stage micrometer and 
projecting the latter by binocular vision uj)on 
a scale held at tho conventional distance from 
the other eye, or a real image of the stage 
micrometer may bo projected upon a white 
surface and measured. A very clever simpli- 
fication of this process is due to Mr. E. M. 
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Nelson ; it consists in determining once for all 
the apparent diameter of the field-stop of each 
eyepiece when projected at the distance of 
distinct vision by one of the methods already 
referred to. The total magnification of any 
objective at any tube-length is then obtainable 
by a single observation by noting how many 
divisions of a stage micrometer are embraced 
by the field of the eyepiece in use. Thus, 
supposing that the actual diameter of the field 
of the eyepiece had been found as 1G2 mm. at 
the conventional distance of 250 mm., and 
that a certain optical combination was found 
to cover the diameter of this field with -257 mm. 
of a stage micrometer, the total magnification 
would bo 

M= -631 times. 

•257 

As owing to the very sensible distortion of 
all eyepieces the magnification is not a very 
accurately defined number, this process is 
amply sufficient and is certainly by far the 
most convenient. 

Abbe preferred a totally different way of 
viewing the magnifying action of the com- 
pound microscope. Referring to tho ray traced 
in tho diagram from tho oxtra-axial object- 
point Op it is obvious that if tho eye wore 
placed at tho objective would act as an 
ordinary magnifying glass (provided the focus 
be slightly adjusted) and present the object 
under an angle U,,. Therefore Abbe called 
the ratio of the distance of distinot vision to 
tho equivalent focal length of the objective 
tho “ initial magnifying power ” of the ob- 
jective and used this number as a constant 
of tho objective. Following tho ray from 0^ 
further, it is seen that it emerges from the 
eyepiece at an angle U'j, with the axis ; there- 
fore tho object is scon through the whole 
microscope under this increased angle, and 
looking upon this increase of tho angular 
subtense of the imago as tho characteristic 
function of tho eyepiece, Abbe called the ratio 
tan U'j,/tan U„ tho “ angular magnification of 
tho eyepiece” and determined the total magnifi- 
oationas the product of the initial magnification 
of the objective and of tho angular magnifiqa- 
tion of tho eyepiece. If the numbers are 
corrootly determined, the resulting magnifica- 
tion is necessarily the same as that found by 
tho older and more familiar method. The 
data supplied with tho Zeiss apochromatio ob- 
jectives and their compensating eyepieces are 
baaed on this system, which has been copied by 
otlior makers of lens systems of these typos. 

On tho older and preferable system the 
change of magnification due to change of 
tube-length is attributed to the objective ; on 
tho Ahhe system it falls upon tho eyepiece, 
the 12-times compensating eyepiece for the 
Continental tube-length being, for example. 


optically identical with the 18-times eyepiece 
for the English tube. 

The Gauss theory of lenses may he apphed 
to the microscope as a whole by tracing parallel 
bundles of rays in both directions through the 
entire instrument and so locating its principal 
planes and focal planes. The compound 
microscope is then found to be equivalent to 
a concave lens of very short focal length, and 
this aspect supplies the simplest solution of 
the problem of visual depth of focus. By the 
Gauss theory a lens must have an equivalent 
focal length f'~- L/M in order to produce a 
magnification of M times at a distance L from 
its second focal plane, and the object must 
be placed at a distance from its first 

or anterior focal plane, in order to yield a 
sharp image. Ehmination of f from the two 
equations gives I = - L/MK If L is put as the 
conventional least distance of distinct vision 
to which the usual magnification numbers 
are referred, i.e. L= -250 mm., the distance 
of tho object from tho first focal plane must 
ho 1= ~ 260/M®. Tho normal eye can be 
accommodated for any distance up to infinity, 
and can therefore see objects in the first focal 
I plane of the complete microscope. Therefore 
I I represents the total range of distance of the 
object accessible to a normal eye without 
I change of focal adjustment of fclie instrument, 
j The depth of focus (as it is usually called) due 
to aooommodation of the eye is therefore 
= 250/M®, or 

at magnification 10: depth of focus 2*5 mm., 
at magnification 1 00 : depth of focus -025 mm., 
at magnification 1000 : depth of focus -00025 
mm. 

At high magnifications the depth of focus is 
thus shown to be an evanescent quantity, and 
the extremely high demands by microscopists 
as to dehcaoy and reliability of tho fine adjust- 
ment of the focus is fully justified. It should 
bo added that if the object is embedded in a 
medium denser than air tho depth of focus is 
increased in direct proportion to the refractive 
index of the medium. A second part of the 
focal range of optical instruments, due to the 
finite wave-length of hght, will be referred to 
subsequently. It is not sufficiently large to 
modify seriously the requirements as to dehcate 
focal adjustment. On the other hand, ifc re- 
presents the only available latitude of focal 
adjustment when the microscopic imago is 
projected upon a screen or upon a photographic 
plate. 

The most important property of a micro- 
scope is its resolving power. The naked normal 
eye can see small objects, such as points or 
parallel lines when separated by a distance 
from centre to centre of about -1 mm. The 
microscope greatly diminishes this least dis- 
tance, and it soon became a matter of greai 
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interest to define this increased resolving power, 
to discover the laws on which it depends, and 
to ascertain whether there is any definite limit , 
to it. The most obvious conclusion from geo- 
metrical optics that this ought to be a mere 
q^uestion of magnifying delicate detail up to 
the size which the normal eye can appreciate 
was soon reahsed as being quite wrong. It 
was found that any given optical combination 
yielded additional detail only up to a certain 
moderate magnifying power, beyond which the 
image became coarser or more fuzzy, without 
disclosing any additional detail. Carefully 
conducted experiments then led to the con- 
clusion that the resolving power of weU- 
corrected microscope objectives grew very 
nearly in direct proportion to the angle between 
the extreme marginal rays which could enter 
an objective from any one object-point, and 
this angle (twice the angle U in the diagram) 
therefore became the recognised criterion of 
resolving power, and was adhered to until 
about 1873. In that year Abbe published 
the first short account of his researches on 
microscopic vision, which were based on the 
diffraction of light produced by the delicate 
structure of microscopic objects. He proved 
that the resolving power is strictly proportional 
to the sine of half the angle which up to then 
had been accepted as the' criterion, but is 
further x^roportional to the refractive index of 
the medium in which that angle is measured. 
He introduced the now universally accepted 
term “ Numerical Aperture ” for the true 
measure of resolving power thus discovered 
and gave it the symbol NA, which is therefore 
defined by ! 

NA=N.sinU, 

if U is the angle of the most oblique ray which 
can enter the microscope objective and N the 
index of the medium in which the angle is 
measured. Abbe also introduced a convenient 
direct-reading instrument, the “ Apertometer,” 
by which the numerical aperture can be deter- 
mined. In the case of “ dry ” objectives, 
i.e. those in which a layer of air intervenes 
between the object and the front lens, the 
NA may be accurately determined without 
any instrument by placing the tube of the 
microscope fn a horizontal position, setting 
up two candles at a distance of about 50 cm. 
from the objective and moving them at right 
angles with the optical axis until the images 
of the flames are on the point of disappearing 
at opposite edges of the clear aperture of the 
objective tmder test as seen by the eye looking 
down the tube of the microscope. The triangle 
formed by the two flames and the focal point 
of the objective then obviously has the angle 
2XJ at the latter point, and U can be calculated 
by measuring the sides of the triangle. 

The resolving power resulting from the Abbe 


theory for regularly spaced lines or rows of 
dots is expressed by the formula 

wave-length 
NA ’ 

in which d, is the centre-to-centre distance of 
the lines or rows of dots and the wave-length 
is the usual tabulated one, measured in air. 
As NA=N . sin U, and as sin U cannot exceed 
unity, the formula shows at once that the only 
possibilities for increasing resolving power 
beyond that usually realised lie in either the 
use of light of very short wave-length (ultra- 
violet), or in embedding the object in a medium 
of the highest possible refractive index and 
designing the objective so as to admit the 
widest possible cone of rays in the embedding 
medium. Both possibilities have been ex- 
plored by Zeiss, the first by microscopes con- 
taining only quartz and fluorspar lenses and 
working with nearly monochromatic ultra- 
violet light, the second by a few immersion 
objectives using monobromide of naphthalene 
(N=1'65) as immersion and embedding 
medium. 

II. Optical Design of Michosoope 
Objectives 

§ (1) Historical Notes. — ^Although John 
DoUond had discovered in 1757 how chroma- 
tically and spherically corrected telescope 
object-glasses can be produced by comb in i ng 
suitably curved crown and flint lenses, 
opticians did not succeed in usefully applying 
this principle to the small lenses required for 
the microscope until some fifty years later. 
The early small achromatic lenses were 
invariably composed of a nearly equiconvex 
crown lens and a nearly plano-concave flint 
lens and were at first not cemented together. 
Although the microscopic object is always 
located at the shorter conjugate distance, the 
telescopic practice of turning the convex side 
of an achromatic lens towards the object was 
mechanically copied, with the result that even 
the achromatised lens had to be severely 
stopped down in order to reduce spherical 
aberration and coma to tolerable magnitude. 
Charles Chevalier of Paris first pointed out 
the absurdity of this procedure, and a very 
considerable advance immediately followed 
the simple reversal of the lens. He also was 
one of the first opticians who cemented the 
two components together and thus greatly 
reduced the difficulty of both making and 
mmmting the lenses with sufficient precision. 
A further extension of the power of microscope 
objectives was secured by placing several 
achromatic lenses one behind the other, but 
without any definite principle as to relative 
power and separation of the components. 

A most important advance in this respect 
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is due to a highly gifted English amateur, 
J. J. Lister (father of the late Lord Lister), 
who discovered in 1830 that every achromatic 
lens of the externally plano-convex form, 
which at that time was exchisively used for 
microscope objectives, has two pairs of con- 
jugate points for which it is free from spherical 
aberration. Purely by wonderfully accurate 
experimental trials on the microscope he 
located one of these pairs of “ aplanatic points ” 
as realised when the lens produces a real 
inverted image of some definite magnification. 
Having adjusted the instrument for the 
corresponding tube-length he then tried 
another lens of the same type placed at various 
distances in front of the first (between it and 
the object), and found that a distance could 
be found at which complete freedom from 
spherical aberration, of the combination was 
again secured. Obviously the front lens then 
produced a sharp and erect virtual image of 
the object at the first aplanatic point of the 
back lens. The doublets produced in this 
way not only had the advantage of freedom 
from spherical aberration at a much larger 
aperture than had previously been found 
attainable, but could also be freed from coma 
in the outer part of the field by selecting a 
suitable ratio between the focal lengths of the 
components, and the field was very much 
flatter than with the close combinations 
previously used. The type originated by 
Lister is in fact so excellent that it is almost 
exclusively used to this day for the lower 
powers of the microscope ; it must, however, 
be added that the freedom from spherical 
aberration of the two separated components 
is no longer adhered to, for it has been found 
that stiU better results, especially as regards 
the higher aberrations, are obtainable by com- 
bining a spherically under-corrected back lens 
with an over-corrected front lens. The Lister 
principle admits of repeated application, for 
a third lens may obviously be placed in front 
of a doublet so as to increase the magnification 
still further, and such triplets were very soon 
constructed under Lister’s advice. 

These triplets, however, have not survived. 
When the Lister type of doublet is found 
insufficient, which happens when the numerical 
aperture approaches the modest value of -3, 
the optician now adopts a type originated 
by Amici, consisting of two over-corrected 
cemented back lenses and a simple thick 
plano-convex front lens. Whilst actually 
simpler than the Lister triplets, this type 
offers far superior possibilities of good correc- 
tion of all the important aberrations and 
allows of raising the numerical aperture to 
•8 or even -85, which corresponds to the 
admission of a cone of rays from any one 
point of the object of an angular extent of 
106° to 116°. The vast majority of ordinary 


high-power microscope objectives correspond 
to this Amici type, with occasional modifica- 
tions such as a triple cemented back lens 
instead of the more usual binary form. 

The final steps in the perfecting of the 
microscope objective are almost entirely due 
to Abbe, who was the first to apply rigorous 
computing methods to the problem. 

§ (2) Ray-tracing Methods eor Micro- 
scope Objectives, (i. ) Fundamental Formula. 
— ^The angles of incidence and of obliquity of 
the rays passing through a microscope objective 
are so large — Teaching 30° and more even in 
the lower powers — that analytical methods of 
approximation are almost useless for purposes 
of ray-tracing. This must be done by rigorous 
trigonometrical formulae in strict accordance 
with the law of refraction. 

The formulae almost universally used for 
this purpose appear to be due to Bessel 
(Discussion of the Kbnigsberg Heliometer, in 
Astronomieche Untersuchungen, Konigsberg, 
1841), but the slightly modified form given 
below is that found in Steinheil and Voit’s 
handbook of applied optics. 

Referring to Fig. 1, let the ray entering a 
refracting spherical surface AP at P be defined 



by its angle of obliquity U and by its inter- 
section length AB, for which we introduce the 
symbol L. If C is the centre of curvature of 
the refracting surface and r its radius, simple 
trigonometry gives the angle of incidence CPB, 
with symbol I, by 

sin I = sin U. . (1) 

If we apply the same symbols, but distinguished 
by a dash, for the data of the refracted ray, 
the law of refraction next gives ' 

sin 1'=^ sin 1. . . . (2) 

The angle at the centre of curvature AGP 
is exterior to both the triangle PCB formed by 
the incident ray and the triangle PCD formed 
by the refracted ray, hence 

ACP=UH-I=U'-l-r, 
from which we obtain 


U'=U-l-I-r. . . . (3) 



MICROSCOPE, OPTICS OF THE 


207 


The triangle PCD then gives the intersection 
length of the refracted ray 

L'-r= sin . . (4) 

sui U ' 

L'=(L'-y)+r, . . . (6) 

and the problem is solved. 

An interesting and highly useful relation 
results hy introducing the value of sin I given 
by (1) into (2), then this value of sin I' into 
(4), namely, 

(L - r )N sin U = (L' - r)N' sin U'. . (6) 

The standard computing formulae may occasionally 
become objectionably inaccurate in the value of U' 
found by them. U' is found according to (3) by 
addmg to the given U the change of direction of the 
ray =1 — 1'. If the angles of incidence and refraction 
are unusually large, as happens frequently at cemented 
contact surfaces and also in the front lenses of high- 
power objectives, then I and I' are found by their 
sines or log-sines in a part of the table where a small 
change of the sine, and especially of its log, corre- 
sponds to n large change in the angle, and the latter 
becomes correspondingly uncertain. In such cases 
a more accurate value of I — T may be derived from 
the less accurate value of I and I' obtained by (1) 
and (2) by a transformation of (2) ; by (2) 

sin I W 
sin F N’ 

, , sinl-sinF N'-N 

therefore ® — - — : — 

sml-Hsml N H-N 

and the formulae for sums and differences of sines 
give 

tan ^(I-r)=tan 1^(1 -|-r)^ 7 ^. . (7) 

The value of I — F obtained from this formula has, 
in the case of logarithmio calculation, only about 
ono-third of the inaccuracy of the value obtained 
from (1) and (2) for glass-air refractions : in the case 
of contact surfaces the advantage is very much 
greater owing to N' — N being then small compared 
to either N' or N. 

The accuracy of the L' obtained from (5) 
will be insufficient when r is much larger than 
L', because the quantity really determined 
directly from the data is (L' - r), and if this 
is large, hbe usual logarithmic calculation will 
give only a few rehable decimal places and 
L' will be uncertain accordingly. Moreover, 
there is no safeguard in the formulae against 
numerical errors, and as such an error at one 
surface will falsify the whole result, a reliable 
check is highly desirable. Both these 
desiderata are met in a most perfect manner 
by a simple formula proposed by Conrady : 
Draw tbe chord PA from the pole of the sur- 
face to the point of incidence. Triangle AGP is 
isosceles, and the angle at C=U-l-I=U'-(-F, 
consequently the angle 

APC =90° - i(U+. I) =90° 1')- 


The angles APB and APD between the chord 
and the incident and refracted ray exceed the 
angle APC by I and I' respectively, and are 
therefore 90° -^(U- 1) and 90° 1') 
respectively. With these values the triangles 
APB and APD give at sight the check results 

PA=LsinUsec^(U-I), 

L'=PA cosec U' cos J(U'-F). (5) check. 

The value of L' so found should agree 
within the limit of accuracy of the calculations 
with that by (5) : as the value of L' from the 
check formula is always more consistent with 
the corresponding value of U', and usually 
also more accurate, the value of L' found by 
the check should invariably be selected for 
retention. The value of PA found incidentally 
is also highly useful for other parts of the 
calculations of a lens system. It gives, for 
instance, convenient expressions for the 
rectangular co-ordinates of the point of 
incidence P with reference to the optical 
axis and the pole of the surface, for in the 
triangle APQ the angle at A is 

= 90° - i(U +1)= 90° - J{U' + 1'). 


X=PAsini(U-t-I), y=PAcosi(U+I). (8) 

A still more convenient exact formula for X 
is obtained hy continuing the trace of the 
refracting surface to its second intersection 
A' with the optical axis and joining P and A'. 
The right-angled triangles PAQ and A'PA are 
similar and give 

PA“ 2r ’ 


This utihty of PA for other purposes is the 
reason why the check formula is given in two 
parts ; so computed it gives by its first part a 
value of PA which is proved to he correct by 
the verification of L' and may therefore be 
used with absolute confidence. 

(ii.) Sign Conventions. — The computing 
formulae (1) to (8) have been deduced for one 
particular case in which all the quantities 
entering into them were treated as positive. 
The formulae can be rendered valid for all 
possible cases by adopting appropriate sign 
conventions. Many of the sign conventions 
proposed in hooks on optics break down under 
certain special conditions. The following 
conventions are free from this objection, and 
also give the usual signs of focal lengths and 
other data, the optical axis being takmi as 
horizontal : 

(a) Intersection lengths L or L' and radii 
of curvature are given the positive sign if the 
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intersection points or centres of curvature lie 
to the right of the refracting surface. 

(b) The acute angle U between the optical 
axis and the incident ray is given the positive 
sign if a clockwise turn would carry a ruler 
through this acute angle from coincidence with 
the optical axis to coincidence with the ray. 

(c) The signs of the starting values having 
been determined by the preceding rules, those 
of the derived quantities are fixed by the 
usual rules of algebra and trigonometry. 

The angles entering into calculations of 
optical instruments are almost invariably 
acute, hence no ambiguity can ordinarily arise. 
The only exception is the angle U + I at the 
centre of curvature, which frequently slightly 
exceeds 90° in the front lenses of oil-immersion 
objectives. But as it is found by addition of 
two acute angles of definitely known sign, no 
doubt can arise in this case. 

As the direction in which the light travels 
does not enter into the above sign conventions, 
the formulae can be used with equal confidence 
and without any modification for calculations 
in either direction, which at times proves very 
advantageous, especially in eyepieces. 

In the case of microscope objectives the 
formulae are used exclusively for the tracing 
of rays from an original object -point on 
the optical axis of the system, and as the 
latter must bo a perfectly centred one, the 
final as well as all the intermediate images 
will also lie on the optical axis. There is in 
fact complete symmetry with reference to the 
optical axis, and the result found for one ray 
at a given initial inclination U to the optical 
axis applies equally to rays of that inclination 
leaving the object point in any other azimuth 
with reference to the optical axis; in other 
words, the calculation for one ray covers a 
complete narrow circular zone of the system. 

In this simplest case of the application of 
the general formulae the continuation of the 
tracing of a ray through a following surface 
also assumes a very simple form, for if AiP^ 
in Fig. 1 represents such a surface at axial 
distance d' from the proooding one, the obvious 
relations exist : 

= Ui = U', Ni = N', . (6*) 

and with these as starting values the ray can 
be traced through the new surface. 

§ (3) Paeaxial Rays. — Rays starting from 
the object-point at different values of U will 
in general give a different position of the 
respective final image-points, thus disclosing 
the longitudinal spherical aberration of the 
system, which must be sufficiently corrected 
if the system is to bo a useful microscope 
objective. 

The usual first approximation in the correc- 
tion of spherical aberration consists in bringing 
together the image-points produced by the 


marginal zone and by the paraxial zone 
respectively. The computing formulae already 
given are easily adapted to the tracing of 
paraxial rays by noting that for these rays 
which pass very close to the axis all the angles 
will necessarily be very small ; hence the 
difference between the sines and the angles 
themselves (measured in radians) becomes 
negligible, and cosines and secants become 
equal to one. If the paraxial angles and 
intersection lengths are distinguished by using 
small letters instead of capitals, the computing 
formulae therefore will be 



Strictly those formulae should bo computed 
with a very small initial value of u. But inas- 
much as {Ip) to (7p) are all linear equations, 
it is evident that if a calculation first carried 
out with an appropriately small value of the 
initial wore repeated with h . u as the initial 
inclination of the ray {k being any number 
whatever), all the other angles would come out 
at k times the first values, whilst the inter- 
section lengths would bo absolutely unchanged. 
As the latter are the quantities of chief interest, 
the initial u at the first surface of any one 
system may therefore bo chosen quite freely, 
and in order to make the application of the 
sine condition as simple as possible it is most 
convenient to choose as the nominal value of 
the initial u the exact value of sin U for the 
corresponding marginal ray. Identity of the 
value found for the final u' of the system 
with the final value of sin U' of the marginal 
ray then indicates fulfilment of the sine 
condition without a calculation of any land. 
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It is, of course, necessary to bear in mind that 
these convenient large nominal values of the 
paraxial angles are fictitious when their 
absolute values are required for any special 
purpose. 

§ (4) Speoial Formulae for Plane Sur- 
faces. — Rays may be traced through plane 
surfaces at right angles to the optical axis by 
the general formulae by using a fictitious 
radius of curvature of such great length that 
the corresponding spherical surface only 
departs by a small fraction of a wave-length 
from a plane within the full aperture at which 
the surface works. But special formulae are 
far more convenient. Putting equation (1) 
into the form 

sin 1= sin 1^, 

it is seen that for r = oo we have I = - U. 
Equation (4) similarly shows that for a plane 
I' = - U'. With these special values of I and 
I' equation (3) gives sin U' = N/jN’'' sin U, and 
on introducing the special values into the 
check-formula a formula for L' results, namely, 

L'= L tan U cotan IJ' = 

N cos U 

by introducing the relation existing in this 
case between sin U and sin U'. The paraxial 
equations are easily deduced from the above 


and give 

the complete set of 

computing 

formulae : 

T=-U, r=-u'. 

. Pl(l) 


i= - 'll, i'= -u'. 

. -Plilp) 


sin sin U, 

. 1’1(2) 


, N 

u . . 

. Pl(2p) 


L'= L ban U cotan U', 

. Pl(3) 


V~l 

. Pl(3^)*) 

or 

T, jW COS IT' 

. Pl(3*) 


Pl{3*) is more easily computed than Pl(3), 
and gives a more accurate result if the angles 
are small. P1{1) and (Ip) do not enter into 
the calculation, but are important for certain 
general discussions. 

§ (5) Spherical Aberration. (1.) General 
Formulae . — ^When a paraxial and a marginal 
ray are traced from an original object-point 
through a system, the difference (F-L') at 
any one surface indicates the longitudinal 
spherical aberration. Whilst the aberration 
is most easily found in this way it is obtained 
in a form which is highly misleading as to 
the real seriousness of the defect which is 
indicated, and even more so with reference 


to the real contribution to the total aberra- 
tion by the separate surfaces. These un- 
desirable peculiarities of thb longitudinal 
spherical aberration become apparent and its 
laws are disclosed by finding a direct expres- 
sion for it in terms of the computed angles 
and intersection lengths. 

Standard equation (1) may be written 

sin U_ r 
sin i ~ L — r’ 


which gives by simple transformations 
r sin U 


(a) 


and 


{h) 


L- 


L 


sin I 

' sin t •+• sin U ’ 


(a) may bo further transformed into 


r _ sin I -h sin U — sin I_ sin I 

L sin I ■+■ sin XJ sin I -t- sin U' 


and if this equation is multiplied throughout 
by N/r it gives 

sml_^ 

Jj r r sin I + sin U' 

Standard equation (4) is identical in form 
with (1), and treated in the same way as the 
latter gives 

sin 1 ' 

'Ur r sin I' + sin U'' 

As (d) applies to the ray after refraction, 
the N'' sin I' in its last term is equal — by the 
law of refraction — to N sin I in (g), hence 
we may combine (c) and (d) by subtracting 
the first from the second and treating N sin I 
as a common factor in the last terms, leading to 

. . W ]Sr_N'-N 

^ 

r ■ Vein 1 -i- sin U sin 1' + sin V'J ' 

Taking l/(sin I-h sin U) outside the bracket, 
using (6), and in the bi’acket the formula for 
the sum of two sines, gives for the final term ; 

Pinal term 

_N(L-r) / sin l(U-l-J) cos ■!([ — U) \ 

_ ^ , 

By standard equation (3) U -I- 1 = U'' -b I', 
hence the sines of half these angles cancel 
each other. Bringing the simplified bracketed 
term to a common denominator and applying 
the formula for the difl'eronoe of two cosines 
next gives 

Final term = 2 

rh 

„ sin - U -b I' - UO sin HI - U - 1' -b U' ) 

“ cos U'r 
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By elimination of U' from the last numerator 
by (3): U'=U + I-r, the final term takes 
its definitive form, and on introduction into 
(e) gives 

W N 

r 

.„N(L-r) sini(r-U)sin J(I-r) ,,,, 
■ cosi(r-U') 

as a trigonometrically exact equation from 
which the laws of longitudinal spherical 
aberration can be deduced. If an object- 
point at any given distance, L, is considered, 
the first two terms on the right of (9) will 
be constant, hence variation _ of JJ for rays 
at different inclinations, U, can only result 
from the final term which is thus pointed out 
as the one which determines the spherical 
aberration. ■ Its value depends chiefly on the 
two sines in the numerator which for moderate 
values of the various angles will, as was 
proved for the paraxial region, vary very 
nearly in direct proportion with the initial 
U of any one ray, and therefore also in pro- 
portion with the distance, Y, from the optical 
axis at which any ray penetrates the refracting 
surface. In first approximation the spherical 
aberration expressed by the last term there- 
fore grows with the square of the aperture, 
and as a consequence becomes small of the 
second order for the paraxial region. Por 
paraxial rays equation (9) therefore becomes 


N'_N^N'-N 
V~ I r ’ 


(9p) 


which will be recognised as one of the best- 
known and most useful formulae for the 
tracing of paraxial rays. 

By deducting (9p) from (9) and making 
very sfight reductions a perfectly general and 
rigorous direct expression for the longitudinal 
spherical aberration at any spherical surface 
is obtained, namely 


Z'-L'=(Z-L) 


N ZO/ 
'W • ZL 


N Z'L' 8inMr-U )sini(I-r) * 
+ cosi{r-U0 ^ 

m which the second term again represents the 
new spherical aberration produced by the re- 
fraction, whilst the fi.rst term shows how the 
spherical aberration (Z-L) of the incident 
rays combines with the new aberration ; in 
other words, the first term expresses the 
addition theorem of longitudinal spherical 
aberration. It is seen that (Z - L) has to be 
multiphed first by N/N', which may vary 
from about -6 for a refraction from air into 
dense glass to about 1-7 for a refraction from 
dense glass into air. This product is further 
multiplied by the ratios of the conjugate 


distances of the paraxial and marginal ray 
respectively : each of these ratios may vary 
from zero if an incident ray parallel to the 
optical axis (Z or L = oo ) is rendered convergent 
or divergent by the refraction, to infinite 
value if a convergent or cUvergent ray is 
rendered parallel to the optical axis by the 
refraction at the surface. The extraordinary 
extent to which the longituchnal spherical 
aberration is frequently found to fluctuate 
from surface to surface when common sense 
and experience render it obvious that the real 
departures of the rays from their ideal course 
is quite slight is thus fully explained. The 
second term in (9*) is easily seen to have 
similar misleading factors, so that, the amount 
of the new aberration is also found in a form 
which requires careful scrutiny before making 
up one’s mind as to whether the aberration 
is really serious or not. Strong evidence is 
frequently found in actual optical designs 
that even experienced practical computers are 
not sufficiently aware of the very indirect and 
misleading nature of the indications which 
the longitudinal spherical aberration supplies 
as to the real seriousness and magnitude of 
the defect at any one surface. 

(ii.) Conditions for Minimum Spherical Aber- 
ration . — An extremely interesting and im- 
portant question, especially in connection 
with microscope objectives, is whether the 
aberration produced by a spherical surface 
can become small or zero for pencils of finite 
aperture. One such case is quite obvious, for 
if the object-point is infinitely close to the 
refracting surface, then L will be infinitely 
small, rays at any practicable angle, U, will 
meet the surface very close to the optical axis 
so that the curvature of the surface will be 
inappreciable and its tangent plane may be 
substituted. In accordance with the formulae 
for plane surfaces, the L' will then also be 
infinitely small and there is no scope for 
spherical aberration. This most obvious case 
is taken advantage of in all high-power micro- 
scope objectives to reduce the magnitude of 
the aberration which would arise at the first 
surface next the object if the latter were at a 
considerable distance, simply by making the 
“ free working distance ” very small. 

Two other cases can be deduced from 
equation (9’’’). Discussion of its final term 
by which the new aberration is determined 
shows at once that this term will be zero if 
L=r, that is, for rays directed towards the 
centre of curvature. Under these conditions 
L-r will be zero, which alone is sufficient. 
But in addition sin ^(I - 1') will also be zero, 
as for rays passing radially there is no devia- 
tion. It follows that for rays directed towards 
points close to the centre of curvature the 
aberration is small of the second order. This 
second case is also made use of in microscope 
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objectives of high power : it accounts for the 
very usual meniscus form of the lens next 
above the front lens. The second Ions thus 
receives the diverging rays at small angles 
of incidence on its concave first- surface and 
keeps the spherical aberration dovm to a 
manageable magnitude. 

(iii.) Aplaiialic, Refraction . — In all cases not 
coming under the two which have been dis- 
cussed all the factors entering into the aberra- 
tion term of (9*) will have finite values, with 
the possible exception of sin - U). If this 
factor became zero the aberration would again 
vanish ; that is the third and most important 
case of aplanatio refraction at a spherical 
surface. 


Sin ^(T' - U) = 0 implies I'= U 

and also sin I'^sin TJ. 

By combining equations (1) and (2) it is 
easily found that quite generally 


sin Y~ 


N L-r 

''W " r 


sin U. 


If, as in the special case under discussion, 
sin I' = sin U, the general equation takes the 
form 


N L-r 
' r ’ 

from which follows 


h-r_W 
r ~N’ 


' N ’ 


or L: 


N'-hN 


If L satisfies this equation there will bo no 
spherical aberration, no matter how largo the 
angles may be, right up to grazing incidence 
or emergence of the rays. As refractive 
indices are always positive, the case can only 
arise when L and r have the same sign, which 
implies that the object point lies on the 
concave side of the refracting surface. For 
refraction from air (N = 1) into glass (say, 
N = l-5) the equation gives L=2-6r, so that 
the diagram used in deducing the standard 
computing formulae approximately roprosonts 
this third case of aplanatio refraction. Several 
other interesting relations apply in this case. 
By (3) I'-U = I-U', hence the case also 
implies I=U', and if this is followed up by 
the aid of (2) and (4) in the same way as before 
it leads to 


which for the numerical example already 
used gives L' = l-667r. Combination of the 
equations for L and L' gives the additional 
interesting relations 

L'__N 1 1 , 1 1 

L~N'" 


Finally, the two conditions to be fulfilled, 
sin I'=:sin U 
and sin I = sin U' 

give, on dividing the second by the first, 

sinU'__mnI _N' 

sin tJ sin I' N 

by the law of refraction. 

Therefore sinXJ78iuU=^N7N = a constant 
for the surface, and this su])p]ies the highly 
important further information tliat the optical 
sine condition is fulfilled in this third case of 
aplanatio refraction. The two conditions to 
be fulfilled, sin 1''= sin U and sinI = BinU7 
also show, inasmuch as the angle of incidence in 
the loss dense medium may reach but cannot 
exceed 90°, that the angle of convergence 
U or U' in the denser medium has the same 
range, that is, this ease permits of deal- 
ing with cones of rays uj) to an included 
angle of 180° between opposite extreme 
marginal rays in the denser medium quite 
independently of the values of N and 
N'. It is this unconditional freedom from 
spherical aberration for cones of rays of the 
widest possible angular extent which renders 
this third case of aplanatio refraction so 
extremely valuable in the design of microscope 
objectives. It may indeed bo stated that 
microscope objectives of high aperture are 
possible only by making use of this property 
of s})horical surfaces. The curved side of 
the front lenses always corresponds fairly 
closely to the conditions which have been 
deduced. If the conjugate jmints arc a little 
nearer to the refracting surface than is re'- 
quirod for exact aplanatism, then a very 
considerable oolloctivo refraction can bo 
secured accompanied by spherical over- 
oorreotiou such as is usually only obtainable 
at the exijcnso of a disjiorsion of the rays. 
Front lenses therefore depart from the exact 
theoretical position of the aplanatio points 
more frequently in this sense than in the 
opposite sense of too great a distance of the 
conjugate points from the refracting surface. 

It ifl an obvious conclusion drawn from tlio above 
diaoussion that if tho aberration accompanying a 
given doflieotion (1-1') is dosirod to bo largo, as most 
often happens at tho dispersive contact surfaces 
at which ovor-corrootion is produced, then a largo 
value of (I' - U) must bo aimed at by liaving tho 
oonjugato points as far as possible away from tho 
aplanatio position, Henoo for conjugates lying at 
tho concave side of a surface their distance should 
bo a largo multiple of tho radius j but still higher 
aberrations will bo secured by having tho conjugate 
points lying on tlvo convex side of tho surface, whioh 
is i)v fact the predominating pracUco. 

§ (tl) ZoNAn Si’iiBBicAL Abebratton. Rx- 
presmon as a iSeries . — It has been proved tliat 
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the longitudinal spherical aberration grows, 
in first approximation, with the square of the 
aperture of any given lens system. The foi-m 
of equations (9) and (9*), however, makes it 
obvious that tliere must be higher terms in 
their development in series. The tyj^e of 
this series may be fixed without direct mathe- 
matical investigation by the simple considera- 
tion that on account of the symmetry of a 
centred system with reference to its optical 
axis a ray from an axial object-point entering 
at the same angle below the optical axis as 
anotlror above the axis must suifer the same 
longitudinal aberration as to both magnitude 
and sign. Two such corresponding rays will 
have the ordinate Y of the point of incidence 
as well as the chord PA of the same numerictal 
value but of opposite sign, whence it follows at 
once that the series giving the longitudinal 
aberration in terms of powers of Y or of PA 
can only contain even powers of these as well 
as of any either direct measures of the aperture ; 
therefore the longitudinal aberration IjA' must 
be ropresontod by an equation of the form 

LA' = CiY" -t- CjsY^ -I- CgY® -h etc. 

In systems of slight curvature such as 
astronomical objoct-glassos of the usual types, 
only the first term is sensible. Such systems 
can have their spherical aberration corrected 
in a practically peifoot manner on f>aper. 
The very sonsihlo residues of aberration 
frequently found by direct tests (such as 
Hartmann’s) in such systems are due to a 
slight extent to departures from the prosoribod 
radii and thicknesses, to a greater extent to 
departures from true spherical form of the 
polished surfaces duo to olastio yielding of 
the lens and tools in the process of grinding 
and polishing, hut ohiofly, especially in largo 
sizes, to want of homogeneity in the glass 
which at times oven nliecta microBoopo 
objectives. Empirical “ figuring ” of a suit- 
able surfaoo is the only remedy for these 
technical defects, which cannot ho either 
estimated or allowed for in the calculation 
of a lens system. 

In lens systems of somewhat bolder design 
the first two terras of the LA' series represent 
the longitudinal aberration with suflioiont 
accuracy. If such a system is spherically 
oorroctod for a particular zone of its aperture 
(usually the extreme marginal zone) the terms 
in Y*^ and Y^ must be numerically equal 
but of opposite sign for that zone, whilst there 
will he residuals of aberration of the sign of 
the Y'^ term between the paraxial and the 
corrected zone, and of the sign of the Y* term 
beyond tho correotocl zone, the former attain- 
ing a maximum value at of the diameter 
of tho corrected zone. Hence the rule that 
if the presence of zonal aberration is to be 
ascertained a third ray (in addition to tho 


pai-axial and marginal ones) should ho traced 
througli the system at -7071 of the aperture 
selected for tho mai’ginal ray. 

In systems of deep ouiwature, practically 
in all microHciopo objectives exeoe<ling an NA 
of about •:!, still higher terms heeomo sonsihlo 
in rapid snceeasion as tho ai)orture increases, 
and a higher state of sphericial correction 
must thou bo aimed at. In purely geometrical 
ray-tracing this is attainc^d by demanding 
that tho rays passing through throe selected 
zones of the aperture shall be broiight to a 
common focus, and it is usual to choose the 
paraxial, marginal, and the -7071 zones. 

If only the first throe terras of tho aberration 
series wore of sensible magnitude this would 
lead to porfeet spliorioal correction for tho 
wliole aperture. In reality the higher terras 
follow so closely on each other’s heels that tho 
tracing of iutcu-rac'diato rays again reveals 
sooondai’y zonal variations. But there is no 
systematic niothod for the removal of those 
liighor zonal variations. 

§ (7) Tine PiiVHKUL Asi'kct oir Spiikrxoal 
Aburration. (i.) General Conmleralion . — It 
will have been gathered from tho preceding 
geometrical diseusHion of tho problem of 
s])herU!al aberration that its ohief weakness 
lies in the method of measuring the magnitude 
of tiio defects which tho longitudinal spherical 
ahorratioa indicates. It is usually attempted 
to estimate tho trtio magnitude by discussion 
of the series for LA' witli a view to tlotormining 
the smallest diameter of tlic confused pencil 
of rays resulting from the alierration. It is 
tlien assumed tliat the focus of the instrument 
will bo adjusted so as to throw this smallest 
possible geometrical image upon the retina of 
the eye (or iqion tho photographic plate) and 
that eaoli ohjeet-point will be seen or photo- 
graphed as a dot of tho size of this “ circle 
of least confusion.” When tlio spherical 
ahen-ation is of very oonsiclerablo magnitude, 
those assumfitiona are very nearly correct. 
Cases of that Icind, however, are of extremely 
rare ooourronoo in practieally useful optical 
instruments. Telescopes and mieroaoopos of 
tho present day are expected to realise tho full 
theoretioal resolving power of a perfectly 
oorrootod instrument as defined by tho integra- 
tion of the light efifoot at a perfect focus in 
accordance with tho undulattny theory of 
light. As the limit of defining power so 
determined is decidedly stringent, only small 
amounts of aberration can be tolerated. In 
this, praotioally tho only interesting case, tho 
geomotrioally determined circle of least con- 
fusion becorae.s absolutely useless as a measure 
of tho size of the actual image of a point : as 
will be shown, the geometrical circle of least 
confusion may he four or more times the size 
of tho image really seen by tho eye before any 
sonsihlo deterioration duo to spherical aborra- 
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tion. sets in. It might be argued that this 
must surely be in favour of adhering to the 
geometrical measure, inasmuch as an instru- 
ment satisfying the geometrical limit would 
prove quite perfect when submitted to actual 
test by light of finite wave-length. The answer 
to such an argument is that in order to reduce 
his circles of least confusion to the size of the 
physically determined image of a point, the 
purely geometrical designer would have to 
stop at a very much reduced aperture of a 
system of any given number of component 
lenses. As the true resolving power is pro- 
portional to the aperture, he would thus 
invariably produce a system of lower resolving 
power and with a smaller fight gathering power 
than could be produced with the same number 
of components by taking the finite wave- 
length of fight into account in determining 
the permissible aperture. Adherence to the 
geometrical method must therefore prove a 
severe, if not a fatal, handicap whenever the 
best possible result is to be secured with a 
given number of components. 

Physically considered, a lens system changes 
the curvature of the light-waves passing 
through it : if perfect the system turns the 
spherical waves sent out by any object-point 
into truly spherical waves converging towards 
the conjugate image-point ; consequently the 
light sent out at a given instant from the 
object-point towards every part of the clear 
aperture would a little later arrive absolutely 
simultaneously at the conjugate image-point 
and would produce a maximum brightness 
of the image owing to the total absence 
of differences of phase. The simultaneous 
arrival at the image-point of light traversing 
all parts of the clear aperture is therefore the 
physical definition of a perfect optical system. 
Inasmuch as the rays of geometrical optics 
are normals of the corresponding wave- 
surfaces, this physical definition of a focus is 
in the case of perfect systems identical with 
the geometrical one ; for if the waves con- 
verging towards the image-point are spherical, 
then their normals, the “ rays,” will be radii 
and will therefore meet at the image-point. 

(ii.) Physical Theory . — But whilst the geo- 
metrical theory claims a perfect point-focus, 
the undulatory theory merely demonstrates 
that there is a maximum of intensity at that 
point, because the fight reaches it without any 
differences of phase. In accordance with the 
principle of Huygens as extended by Fresnel, 
even a truly spherical wave produces a light- 
effect outside the cone of “ rays ” to which 
it corresponds. If, in Fig. 2, 0 represents an 
object-point sending out spherical waves like 
W and if the lens system changes these waves 
into a form like W' converging more or less 
perfectly towards an image-point O', then, 
according to the principle referred to, the 


light-effect at any point whatever beyond W' 
can be determined by considering each surface 
element of W' as a luminous point sending 



out spherical waves and by integrating the 
combined effect at any point of these 
elementary waves over the whole surface of 
W'. G. B. Airy ^ carried out this integration 
for the intensity distribution produced by a 
perfect Ions system in the plane of the geo- 
metrical image and arrived at tlie well-known 
“ spurious disc ” surrounded by concontrio 
diffraction rings of rapidly diminishing in- 
tensity. In this simplest case the light from 
all points of the emerging wave W' will arrive 
at O' in the same phase. If there is spherical 
aberration present, then the emerging waves 
will bo distorted and will no longer be of the 
ideal spherical form, and there will not bo a 
definite point like O' at which all fight arrives 
in the same phase. In order to discuss these 
cases (strictly speaking, the only ones which 
are of practical interest as perfect spherical 
correction is utterly impossible) it is necessary 
to determine the phase relation with which 
light arrives at any assumed position of the 
image-point. This is done by finding an 
algebraical expression for the total length of 
optical path from an object-point to the 
assumed imago-point, in the first instance for 
a single spherical refracting surface. 

In Fig. 3, let AI* represent the trace of a 
spherical refracting surface with centre at 0, 



separating a medium of index N to its loft 
from a medium of index N' to its right ; lot 
B be the luminous object-point at distance i! 
from the pole A, and D at distance V from 
the pole the point for which, the differences of 
optical path are to bo determined, using the 
axial path B A D as the reference standard. 
Physically the refractive index represents the 
ratio of the velocity of fight in empty space 
to that in the given medium, hence a path 
Mn a medium of index N takes as long to 

1 Camb. Phil. Trans., 1834. 
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traverse, or is optically equivalent to, a path 
NZ in empty space. Reducing all paths to 
their equivalents by this relation, there results 
— bearing in mind that I in the diagram is 
negative in accordance with the adopted sign 
convention — 

Equivalent axial path =W .V - N . I, 
Equivalent marginal path PD - N . BP. 

Introducing the rectangular coordinates x and 
y of point P the second equation becomes 

E.m.p. = W \/(Z'-a;)2+i/-NJ(Z-a;)2 + ?/% 

in which the roots must obviously be taken 
with the signs of I' and Z respectively. For a 
spherical surface y^=2rx-x^, hence 

E.m.p. = N' n/ Z'^ — 2a:(Z' - r) — N /JP — 2x{l — r). 

The difference axial — marginal path will 
determine by how much the axial path is 
longer than the marginal path ; or more con- 
veniently put, it gives the lead of the marginal 
light. Introducing the symbol OPD for this 
optical path difference, it is found as 

OPD = NT 1 - 

Putting ^=x(l and p'=x{l' — r)jl'^ and 

developing the roots by the binomial theorem, 
the result is 

OPD=NT[l - (1 etc.)] 

— NZ[1 - (1 — p— Jp*— |^p3, etc.)], 
or, differently ordered, 

OPD = w. ly -N.ip+ i(isr' z'p'2 - n . zp**) 

-l-i(N'.Zy8-N.Zp®), etc., 

and this is valid for any position on the optical 
axis of the assumed image-point D. 

If the values of p and p' are reintroduced 
and X, in accordance with the last of equations 
(8), is put equal to (PA)8/2r, the value of OPD 
becomes 

0PD=(>2^1’ 

+A(gAr( ”'P;~*'>‘ -S^)+ etc. (10) 

Evidently the first term in (PA)® will disappear 
if the bracketed factor becomes zero. But 


can be easily converted into 

N'_N'-N N 
Z'" r "^Z’ 


an equation already deduced (see (9p)) as the 
condition fulfilled by the location of the 
paraxial geometrical image of the object- 
point. The difference of optical paths with 
which a ray at finite distance from the optical 
axis reaches the paraxial focus is therefore 

OPD,= 

+ etc. (10*) 

This equation obviously gives the spherical 
aberration in terms of differences of optical 
paths. The latter will be obtained in wave- 
lengths by multiplying the right side by the 
number of wave-lengths contained in one unit 
of length (approximately by 2000 if the 
milhmetre is used or by 50,000 if the inch is 
adopted) and is seen to grow with the fourth 
and higher even powers of the aperture, 
whereas the longitudinal aberration as defined 
geometrically grows with the square of the 
aperture. 

The differences of phase therefore increase 
very much more rapidly than the equivalent 
longitudinal aberration when they once have 
reached sensible magnitude ; on the other 
hand, the differences of phase will remain 
insensible in a zone surrounding the optical 
axis which is much larger than that in which 
the longitudinal aberration remains small. 

As the OPD found for a ray at a surface measures 
the lead which it has gained with reference to the 
corresponding axial ray, it is evident that the addition 
theorem of the OPD for a number of surfaces is the 
simplest possible one, namely, simple algebraical 
addition of the separate values f oimd for each surface. 
This is, however, strictly oorreot only if equation (10) 
is used and if the V introduced into it is the true 
intersection length of the marginal ray as found 
trigonometrically. The reason for this restriction 
is that in the propagation of waves of an extent 
which is a large multiple of a wave-length the energy 
represented by the vibrations travels in the direction 
of the geometrical rays and must therefore be traced 
along the latter. The direction towards the paraxial 
focus differs from that towards the actual intersection 
point of a ray at finite angles by the amount of the 
angular value of the spherical aberration, and a 
correction is called for which, although small and 
easily determined, is a troublesome addition to the 
numerical work and makes another method of 
oaloulating the OPD to be given presently decidedly 
more convenient. 

The correction referred to brings in small 
additional terms of the 6th and higher even 
orders ; it therefore does not alter the law of 
increase of the OPD with aperture, so that for 
any centred optical system the OPD as given 
by (10) will be expressed by an equation of 
the form 

OPD = CiY 2 -i-C 2 Y*-l-C 8 Y«-b etc., 
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for any assumed position of the image-point, 
and by an equation (10*) of tlic form 

OPD 3 , = diY‘‘-i-d 2 Y«-|- etc.. 


The distance AE may be evaluated in the same, way 
remembering that pL'A = U'-|-I' and PDA = U', and 
we find 


AE = Y{tan 4(U' +1') - tan ^U'). 


for the paraxial image-point. The presence 
of a term in Y® for points other than the 
paraxial focus is of great importance in the 
discussion of the location of the best image 
and in laying down the limits of tolerance for 
residual spherical aberration. When the 
equations are written with undetermined 
coefficients etc., they liold for any reasonable 
measure Y of the aperture, as for instance the 
ordinate of the point of penetration of the ray 
through any one surface of the system, or the 
angle of convergence of the issuing or entering 
ray, for all those different measures are con- 
vertible into each other by series progressing 
in alternate powers of any given measure of 
the aperture, by reason of the symmetry of a 
centred system around the optical axis. 

§ (8) TRiaONOMETRICAL CaLOTJLATIOK OP 
THE OPD. — Let a spherical wave OA, Fig. 4, 



in the medium of index N to the left of the 
refracting surface AP, be converging towards 
B. While the marginal part of the wave is 
traversing the distance OP in the medium of 
index N, the axial part has entered the new 
medium of index N' and the optical j)aths of 
the two parts are necessarily equal. As the 
marginal ray is refracted towards D in the 
direction given by the ordinary law of 
refraction a new spherical wave EP, with D 
as centre, would result if there were no 
spherical aberration. Therefore in this case 
the optical path AE would be equal to the 
optical path OP. Conversely, if the optical 
paths OP and AE are separately computed 
and found to differ, the difference will represent 
the OPD duo to spherical aberration. 

Desoribo an arc of a circle PP' with B as oontro 
cutting the axis in P', and draw PQ porpondioular 
to the axis. 

Then OP= AP'=AQ-P'Q. 

Join AP and P'P. The triangles CAP and BPP' 
are both isosceles. As the angle at C is— U-f-I and 
the angle at B—U, it follows that angle PAQ=>00° — 
i(U-t-I) and angle PP'Q—QO®-^!!, whence putting 
PQ=Y 

OP=» Y(tan ifU -1-1} - tan ^U). 


And the OPD at the marginal focus D is found bj' 
multiplying AE and OP by the respective indices 
and taking their difference. Thus, 


OPDm =N'. Y{tan 4(U' +1') - tan ^U') 


- N , Y(tan i(U-|-I) - tan JU). 
Whence on reduction wo have 


OPDm=N'. Y 


sin JF 
cos J{TJ' 4-1') cos ^U' 
-N. Y 


sin H 


cos 1(11 -1-1) cos •jjrU 


Multiplying numerator and denominator of the first 
term by2 cos ^-I', and of the second by 2 cos ^I, the 
numoratoi’s of the fractions become sin I' and sin I 
respectively, and as N' sin 1' — N sin I and (U +1) = 
(U'-i-F) the equation becomes 


OPD„ 


N'. Y sin V 

“2cor4(U-t-I) 


_C08 JI' COS ill' COS cos JU 


} 


or on bringing the square bracket to a common 
denominator 


OPD ^ T cos l-U cos - cos JI' cos ■|U' 

”“2 QOS i(U+I) "^^1 corjF^^^iW ‘ 

The numerator of the second fraction can ho further 
simplified by putting cos JU=oo8 (J(IT- U') -t-iU') 
and resolving, also putting cos ^F —cos (^(U - U') -Ijl), 
whioli is obtained by transposing U-fl— UM-F, aird 
resolving this. The numerator is tlicn obtained in 
the form of four terras, two of which canool oacli 
other whilst the other two oombino and load to tho 
equation 

0 PD - - "El 

” 2 cos JU cos p cos pu -hi) cos P' cos ^U'' 

It is more convenient for computation to 
replace the ordinate Y by the chord PA. 
Using Y = PA cos pU-i-I) this gives 

OPD — ■ Bin I" sin P U - UQ ^n £(1 - U') 

” “ 2 oos iU cos fl 'cos |T coriU'”~ ' ’ 

( 10 **) 

For a plane sui'face PA becomes identical 
with Y and as by K(l) 1= -U and I'= -U', 
tho equation for plane surfaces is 

plane : OPD^ 

_ N' , Y sin U' sin 4(U + U') sin pU - U'), 
2cosHUcos*iU' 

(10**) 

in which Y =L tan U = L' tan U'. 

These equations are more rapidly computed 
than the number of terras would suggest 
because they give the OPD directly, not as a 
small difference of two large numbers. 


216 


MICROSCOPE, OPTICS OP THE 


As it is hardly ever of interest to know the aberra- 
tion at any one surface within loss than O-l per cent, 
four-figure logs are quite suffiaiont and the cosines in 
the denominator rarely call for any interpolation, as 
the angles are usually small. The aberration at the 
final marginal focus of a system is strictly equal to 
the algebraical sum of the OPD„, values found for 
the separate surfaces because the ray is traced in this 
ease along the. path assigned to it by the law of 
refraction. There is therefore no correction of any 
kind to bo applied to the result obtained for any one 
ray. On the other hand, should several rays, at 
clifTorent distances from the optical axis, bo traced 
through a system, the OPD^ obtained for them will 
not bo directly comparable, as each one will bo referred 
to its own geometrical interaeetion point. General 
theoretical discussions are therefore preferably based 
on Equation (10). 

The differences of optical paths arc a direct 
measure of tho distortion from true spherical 
form of the waves emerging from a lens 
system. For that reason they make possible 
a really valid discussion of tho limits within 
which sphoricial aberration must be correotod 
if tho full theoretical resolving and defining 
power of a lens system is to be realised. This 
discussion is of particular importance in tho 
case of mioroacopo-objoctivoa on account 
of tlioir (loop curvatures and consequent 
largo axnount of higher aberrations : hut tho 
results are equally valid for any other kind 
of centred optical systems. The foundations 
for this treatment of tho aberrations wore 
laid by tho late Lord Rayleigh. 

§ (9) This RAYLUiaH Limit. — In 1879 Lord 
Rayleigh arrived at tho oonohision that an 
optical system would give an image only slightly 
inferior to that produced by an absolutely 
porfeot system if all the light arrived at the focus 
with differences of phase not exceeding one quarter 
of a wave-length, “ for then tho resultant can- 
not differ much from tho maximum.** This 
paper ought immediately to have marked tlio 
beginning of a now epoch in tho design and 
disoussion of optical instruments. But the 
barren, purely geometrical treatment of the 
aberrations wont on for many years, possibly 
because the conclusion was jumped at that 
equalisation of tho optical paths from object- 
point to image - point (themselves rarely 
measuring less than eight inches) within one 
two-hundred-thousandth part of an inch was 
an impossible ideal. As will bo shown, this 
is so far from being correct that in reality it 
is far easier to correct the aberrations within 
the Rayleigh limit than to bring the geometri- 
cal “ rays ” within a “ circle of least confusion ” 
of tho size of tho image which has for a long 
time been known as attainable. The adoption 
of the Rayleigh limit thus makes it possible 
considerably to inoreaso tho aperture of a lens 
system of given type and to come close to the 

' CoUecM. Papers, 1. 415-463; PhU. Mag., Oct. 
1879, vUl. 261. 


full theoretical resolving power with systems 
which, judged geometrically, would appear 
hopelessly over- or under-corrected. 

Those remarkable and highly valuable facts 
are easily proved by determining tho aperture 
at which tho Rayleigh limit is reached in the 
presence of aberration and by e.stablishing 
tlie relation between tho i)hysical and the 
gooraotrioal measurement of the aberration. 

If Dj, in Fig. 5 is tho paraxial focus of a 
lens system, then in the absence of aberration 



a train of sphorical waves like PA would bo 
converging towards tliis focus. Aberration ivill 
oauso the actual waves to bo distorted, and tho 
OPD equations will determine directly tho 
distance PP' by which tlio distorted wave is 
separated from the corresponding ideal 
8i)horioal wave. If the law of inoreaso of tho 
OPI) with increasing aperture is known, the 
complete form of the distorted wave wibii 
reference to the ideal wave will ho dolinocl. 
In all optical instruments intended for high 
resolving power tho angle of tho cones of rays 
converging towards tho final imago point is 
always very small (muoli smaller than tho 
exaggoratofl diagram suggests), tho emerging 
waves rarely reaching an angular extent of 
even 6°. Under those conditions tlio difforonco 
between the are AP and tho ordinate Y of 
point P will bo negligible and tho dillorontial 
ooehioiont d{VP')/dY will ho tho measure 
in radians of the small angle between the 
ideal and tho distoi'ted wave and therefore 
also between their corresponding normals. 
Tho normal of tho actual emerging wave 
represents by definition tho true geometrical 
ray passing through any jioint P'. If D„, is 
the intersecting xioint of this ray, tho angle 
D^P'D„, or the angular aberration of the 
ray, denoted by tho symbol [AA'j, is therefore 
defined by 


[AA1 


d(OPI>„) 
dY ’ 


no matter of what order tho wave distortion 
may be, provided only that tho angle of tho 
cone of rays is reasonably small. If tho ray 
at finite angle is produced to intersection at 
D'„, with a normal plane dosoribod through 
D„, theu the distanoo D^T)''„=TA^ represents 
the transverse aberration and triangle 
J),oP'.D'„. gives with ample approximation 

TA'=i-[AA>rira. 
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Finally the triangles and D„iAP 

which are approximately similar give the 
longitudinal aberration = LA' as 

-iii y- Y • 


These important relations between the differ- 
ences of optical paths and the various measures 
of the corresponding geometrical aberrations 
may be collected in the form 


d(OPD^) 
clY - 


[AA'l 


TA' 

r' 


LA 


,Y 

I'U' 


( 11 ) 


As in the case of the geometrical aberrations, 
so in that of the differences of ojatical paths 
the best image is usually found at some little 
distance from the paraxial focus. The effect 
of such a change of focus must therefore be 
determined. 

Let D in Fig. 6 at a distance df from the 
paraxial focus Dj, be a point for which the 



phase relation of light from P and from A 
respectively is to bo determined. At Lj, there 
will be a lead of the inclined ray by OPD^. 
The axial path to .D is shorter than that to 
D„ by df. The inclined path from P to D is 
shorter than that to Dj, by the difference 
PD^~PD. 

In all cases of practical interest df is very 
small compared to DP, and the angle DPDp 
measures a moderate number of seconds of 
arc. Under these conditions the difference 
between PD^ and PD will be sensibly equal to 
DDp, the projection of DD^ upon PD^. Conse- 
quently the light from P will arrive at D with 
a lag =d/(l - cos DD,,D') =2df sin^ |DD„D'. 

Under the restriction to small angles of the 
cone of rays sin DDj,D 72 is sensibly equal to 
Yj2l'. Hence the phase relation at D will be 

OPD = OPDj,-Jd/(p)', . (11*) 

in which df is treated as positive when lying 
towards the lens system, which is contrary to 
the usual sign convention but is in accordance 
with the general custom, of treating spherical 
under-correction as positive. 

§ (10) Abbbeation on the Wave Theoby. 
— The principal cases of interest can now be 
discussed, (i.) Ordinary or 'primary Spherical 
Aberration . — The wave distortion for the par- 


axial focus will be represented by the first term 
of 10*, or 


or 


0PDp=/c, Y** (Ic a constant), 
d(O' PDp) ^ yj,Y3 — ^QPDj) 


By equations (11) these give the corresponding 
geometrical aberrations as 

OPDp = LAA'] . 1 = TA'^? = LA'? 2, 


and if the last of these eqriivalents of OPDp 
is put into (11*) the phase relation at any 
sliifted focus is obtained as 


Y® 


OPD = ^p,(LA'-2d/). 


If d/=LA', that is, for the marginal focus, 
this gives 

Y2 

OPD,„=:^^,,(-LA')= -OPD„. 

In the case of simple spherical aberration the 
axial and marginal light therefore meet with 
precisely the same difference of optical paths 
at the marginal as they do at the paraxial 
focus, only the sign of the difference is re- 
versed. 

If fZ/=lLA'' or for the point exactly midway 
between paraxial and marginal focus, the 
difference of optical paths between axial and 
marginal light disappears. These relations 
become geometrically obvious if a diagi'am is 
drawn (Fig. 7). 

The true dis- 
torted wave re- 
presented by the 
thick curve 
bends away from 
the ideal wave 
for the paraxial D Dp 

focus in proper- 
tion to the fourth 

power of the aperture. A normal of the 
true wave at any selected aperture deter- 
mines the marginal focus D„i, and a circle 
tangent to the true wave in the axis and with 
D,„ as centre represents the ideal wave for 
the marginal focus, and at the selected aperture 
lies as far within the true wave as the paraxial 
ideal wave lies outside. The existence of an 
intermediate point D such that its ideal wave 
outs the true one at the selected aperture is 
at once obvious. But it is also readily seen 
that this is the closest fitting spherical wave 
within the selected aperture, for if D were 
moved towards D,„ the lump formed by the 
true wave between axis and margin would mani- 
festly become higher, wMlst if D were moved 
from the midway point towards D^, the inter- 
mediate lump of the true wave would diminish 
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to a less extent than the rapid growth of the 
projection of the marginal part of the true 
wave witliin the sphei’ical wave under con- 
sideration. It may therefore be taken without 
algebraical proof (which, however, is easily 
supplied) that the residual differences of phase 
are smallest at the point midway between the 
paraxial and extreme marginal geometrical 
foci. 

Their amount is easily determined. In the 
general eq^uation 

LA' represents the longitudinal spherical aberration 
for the zone of semi-aperture Y and by the law of 
simple spherical aberration varies with Y^. Now 
let the full aperture bo Yj^ and the corresponding 
spherical aberration LA'^ ; then, by the law just 
referred to, 

and the equation for OPD becomes 
Y\ 4?/* 

This is easily proved to give a maximum value for 
= dfY^jLA'j^, and on putting this value of Y^ into 
the equation for OPD it becomes 


OPDuiaxlmum LA/"’ 

For the best focus ((/= JLA\, hence at mid-focus 


OPDinaximum— ■“ "rV 


LA'iY^ 


Comparing this with 

LA' Y2 

the highly important result emerges that at 
the best focus midway between the paraxial 
and extreme marginal foci the residual differ- 
ences of optical paths are of only one-quarter 
of the magnitude attained by them at either 
the paraxial or the marginal focus. 

The case of simple spherioal aberration was 
one of those on which Lord Rayleigh founded 
his limit. But he did not extend his work to 
the paraxial focus tod did not observe that 
there is a point at wliich the physical aberration 
sinks to only one-quarter of its paraxial value. 

It follows that OPDj, may be allowed to 
roach a whole wave-length without infringe- 
ment of the Rayleigh limit for the best focus. 

Again, assuming an average wave-length as '00002" 
or '0006 mm., equation (11), combined with the 
equation used above, a!(0PDp)/dy=4OPDj,/Y, may 
bo used to determine the va’uea of the geometrical 
aberrations at which the Rayleigh limit is reached. 
We have 

Y y y* 

[AA ]-^ =TA . =LA . ^2 

= + -00002"= + -0005 mm. 


These formulae are most conveniently evaluated 
for the ratio of focal length to aperture — the /- 
numbers of photographic optics — represented by 
I'I'IY. As regards TA' it is well known that the 
“ circle of least confusion ” of geometrical optics 
has a diameter equal to ^TA' and 

— =LA'. — = 

2 21' 4 times the / number. 

This is directly comparable with the resolving power, 
which, in accordance with microscopical experience, 
is defined by the product of the wave-length and the 
/-number and means that two points at that distance 
in the image can just be seen apart. 

Table I 


Rayleigh Limit for Simple Spherical 
Aberration 


2^Y=/*iiuinher. 

//8. 

//16. 

//32. 

Permissible LA' . 

-f -020" 

-1- -082" 

-f- -33" 

JTA' = diameter 
of geometrical 
circle of least 
confusion 

•00063 

•0013 

•0026 

Actual resolving 
power =/-number 
X wave-length . 

•OOOIG 

•00032 

•00064 


The permissible residue of longitudinal spherioal 
aberration is seen to be surprisingly large, especially 
for the slender image-forming cones (rarely wider 
than//16) of microscope objectives. The geometrical 
circle of least confusion- comes out at exactly four 
times the resolving power of the system, indicating 
the erroneous results obtained from the geometrical 
theory. 

The realisation of the full resolving power 
stated in the last line of the table at the 
present time rests not only on direct observa- 
tion and on actual experience in designing 
lens systems on the basis of the Rayleigh limit, 
but has also been verified by direct calculation 
of the light distribution in the plane of the 
beat focus and in the neighbourhood of that 
plane. 

It might at first sight appear that the 
“ tolerance ” for primary spherical aberration 
was of no interest in the discussion of highly 
corrected instruments because they are ex- 
pected to be free from this defect. They, 
however, are so only if used in accordance 
vdth the intentions of the designer. In prac- 
tice large liberties are taken by using micro- 
scope objectives at tube-lengths widely depart- 
ing from that for which they were corrected, 
and in telescopes both by using eyepieces 
afflicted with considerable spherical aberration 
and by using instruments designed for distant 
objects for the observation of laboratory in- 
struments only a few yards away. In all these 
cases primary spherical aberration makes its 
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appearance. Table I. explains wliy satisfac- 
tory results are usually obtained in spite of it. 

(ii.) The. Rayleigh Limit for Zonal Aberration. 
— The aperture of nearly all lens systems 
is so large that higher terms of the aberra- 
tion series become sensible. In the case of 
low and medium power microscope object- 
ives up to about -35 NA these higher aberra- 
tions cannot be corrected, and it becomes 
important to limit the aperture to just that 
value at which the higher aberration does not 
sensibly lower the resolving power. This ideal 
can be closely realised by applying the Ray- 
leigh limit. 

The usual and, as it happens, the best 
possible method of designing such systems is 
so to proportion them that the paraxial and 
the extreme marginal geometrical rays are 
brought accurately to the same focus ; the 
trigonometrically determined aberration of the 
marginal ray is therefore brought to zero. In 
accordance with equation (11) tliis means that 
d{OVT>f)l(T£ is also zero. As paraxial and 
marginal foci coincide, OPD,,„ and OPD,, arc 
identical in this case, hence OPD,, can be 
directly determined by computing equation 
(10**) for all surfaces of the system and forming 
the algebraical sum. If higher aberration is 
present and predominantly of the Y® order, 
this sum will have a sensible value. A very 
low value would in any case indicate a high 
state of correction of the system, but not 
necessarily absence of higher aberration, which 
will have to be tested for as described in the 
following section if deep curvatures occur in 
the system. 

Assuming that aberrations of higher than 
the sixth order are of unimportant magnitude, 
the equation of the distorted wave will be 

and its value for the full aperture Yj is known 
by the computation of (10**). But it is also 
known by (11) (on account of the geometrical 
spherical correction) that d(OP.D^)/dYj, is zero. 
Therefore there are two equations, 

OPDpi = /CiY/-|-A:aYi'>, 

and 4;i;Yi® + G/caYi® == 0, 

which can be solved for and Ic^, and on 
putting the values found into the general 
equation for OPD,,, the latter becomes 

OPD» = SOPD^,, (y- ) " - 20PDj,i 

When plotted, the curve of the distorted 
wave takes the form shown in Fig. 8 if, as 
is invariably the case, the marginal OPD^i is 
assumed to have a positive value. The dis- 
torted wave bends awffy from the ideal wave 


for the combined paraxial and marginal fcjci, 
reaches a maximum distance from it at the full 
aperture, and would cut the wave agaui some 



distance beyond the full utilised aiierture. It 
is immediately evident that a point D nearer 
to the lens system must exist which is far 
more nearly equidistant from all parts of the 
distorted wave. The closest-fitting ideal wave 
is dotted in the diagram. It can be determined 
algebraically by noting that in accordance with 
equations (10) and (10*) a shift of focus away 
from Dj, will introduce a term in Y® into the 
equation of the wave-curve. Strictly speaking, 
the terms in Y‘‘ and Y® would be slightly 
changed at the same time, but if the residual 
aberrations are as small as they must be if an 
instiuraent is to be of practical use, this small 
change may bo safely neglected. A somewhat 
complicated investigation of the minimum 
problem involved leads to the result that the 
residual differences of optical paths become 
the smallest possible if the point D is so 
selected (which in the use of the instrument 
is done automatically and unconsciously simply 
by searching for the sharpest image) that for 
point D the residual wave distortion is of the 
form 

OPD= - liOPDj,,(0%-3OPDj,,^|-y 

This gives the same highest value = - JOPDj,i 
for half and for full aperture and zero-value 
in the axis and at of the full aperture. 
The residual phase-differences in the ease of 
zonal aberration at the best focus are there- 
fore only one-eighth of the amount found by 
(10**) for the marginal ray. As, in accordance 
with the Rayleigh limit, a difference of one- 
quarter wave-length may bo allowed, it follows 
that in lens systems suffering from ordinary 
zonal aberration (that is Y® aberration in the 
absence of sensible amounts of still higher 
aberration) the OPD„i calculated by (10**) 
may be allowed to reach two whole wave- 
lengths. This result also has been tested and 
confirmed by a large number of successful 
lens designs based upon it and more recently 
by direct integration for the complete light 
distribution at the best focus. 
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In tho more usual purely trigonometrical method 
of designing lens systems the zonal aberration is 
searched for by tracing a third ray through \/^ of 
tho full aperture in addition to the paraxial and 
extreme marginal rays. As is easily shown, the 
zonal longitudinal spherical aberration reaches a 
maximum at Y = -7071 Yj^ if aberrations higher than 
tho Y® term are absent. TIio amount of this zonal 
longitudinal aberration corresponding to the Uayleigh 
limit can be investigated in a manner similar to that 
employed above for ordinary spherical aberration. 
The result arrived at is that the longitudinal aberra- 
tion for the -7071 ray may reach times the amounts 
of tho LA' stated in Table I. The corresponding 
goomotrioal “ circle of least confusion ” measures 
about nine times the resolving power of the system, 
so that tho geometrically estimated size of the image 
is even more misleading in this case than in that of 
ordinary spherical aberration. 

The analytical method of removing the fourth 
order aberration completely leads to a wave-distortion 
of the simple form 

OPD^ = ^;aY«, 

^2 having very nearly the same value as it would 
have if tho trigonometrical method were adopted 
for tho same system. A bettor focus can be found 
in this caso at somo distance beyond the paraxial 
one, but tho residual differences of phase at this 
best possible focus are found to be 0-16 times as large 
as those existing at the best focus of a trigonometri- 
cally corrected system. As the zonal aberration 
grows with tho Gth power of the aperture this means 
that a trigonomotrioally corrected lens system may 
bo given ;^0‘lG = l-35 times the aperture possible 
with an analytically corrected system of tho same 
typo. 

(ili.) P/j-e Rayleigh Limit for Higher Zonal 
Aberration . — In microscope objectives of NA 
exceeding about A the Y® aberration can be 
controlled. Its negative value in objectives 
of low NA is due to the excessive marginal 
over-correction produced hy the dispersive 
contact surfaces. This effect is always present, 
but when the NA is large and the usual plano- 
convex front lens is adopted, then very large 
angles of incidence accompanied, by heavy 
spherical under-oorrection occur at the first 
plane surface of the system. The positive Y® 
aberration produced at this surface can then 
be played, out against the negative Y® aberra- 
tion of the corrective contacts, and by securing 
a suitable free working distance any desired 
balance may be struck. In the purely trigono- 
metrical method of ooniputing objectives it is 
usual to aim at union in one point of the rays 
passing through the paraxial, the marginal, 
and the 'TOTl zone of the full aperture. It is, 
however, both simpler and leads to a closer 
knowledge of the residual aberrations to calcu- 
late a paraxial and a marginal ray and to 
bring these to a common focus and then to 
aim at making the OPD=zero for the com- 
puted marginal ray. If only Y^ and Y® 
ahe.rration were present the correction would 


then be perfect. In reality the higher aberra- 
tions come in in rapid succession. A balance 
can then be established between the Y^ and 
Y® aberrations which are under control and 
the still higher aberrations which cannot be 
controlled. A full discussion is only possible 
by making the assumption that Y® aberration 
is the only one of sensible magnitude. This 
certainly is only a rough approximation, and 
for that reason the discussion must not be 
taken as absolutely trustworthy. 

It is assumed that the wave-distortion is 
of the iovm 0'PD„ = ]cfY^ + Jc^Y<^ + ksY^ The 
correction stipulated is that the OPDj,i for 
the computed marginal ray shall be zero-, and 
as the geometrical aberration is also removed 
for the same ray d:(OPDpi)/dYi will also be 
zero in accordance with equation (11), This 
gives the two equations, 

W+W-i-w=o, 

and 

+ shYf’ = 0 , 

by which and k^ can be expressed in terms 
of ^ 3 , namely 

All = 7^3 Y/, and kn = ksYj^^. 

On putting this into the general expression 
for OPDj, it becomes 

OPDj, = k^Yf^Y^ - 2A:3Yi®y« -t- / jY®, 

and this is zero for Y=0 and for Y=yi, and 
has a maximum value for Y=:-7071 Y^ and 
a minimum for Y = Yi. For the latter the 
OPD is, of course, zero. For the maximum 
at Y = -7071 Yi the value is 

OPPj> maximum = 


= Maximum 



Fig. 9. 


Dp&D/n 


The residual greatest • phase-difference at 
the computed focus is therefore tV of ffie 
total Y® aberra- 
tion present in 
the system. The 
curve represent- 
ing this wave is 
shown in Fig. 9. 

No improve- 
ment can be made 
in this case by 
a shift of focus. 

But as the zero- 

value of the OPB at the computed aperture is 
a minimum, the wave-curve bends again away 
from the ideal wave beyond the computed 
aperture, and the aperture may therefore be 
increased up to the point where the OPD 
reaches the same value as at •7071 Y^ without 
any increase in the maximum phase-differences 
at Dj,. It is easily ascertained that the general 
expression for OPD,, reaches the value hfY-j^, 
again at Y = l-10 Y^. Systems in Avhich 


XU.OiL}^l.xx IXllgliU Ullt5rt5XUJ.t3 ^ UJ. Ol 

8|- wave-lengths withont transgression of the 
Rayleigh quarter-wave hmit. 

Whilst a highly favourable balance of the higher 
aberrations is sure to be established by the above 
method, no clue is afforded by it as to the amount 
of Y® aberration which may bo present. This may, 
however, be closely estimated by noting that at 
aperture Y^ the Y*^ aberration is exactly equal to the 
Y® aberration. The Y^ aberration can be deter- 
mined with sufficient approximation by reducing 
equation (10**) to first order terms by putting 
sines equal to angles and cosines equal to one. It 
then becomes 

Paraxial 0PDm = iN'’ 2 /i'(w'— m'), 

and if this is calculated with the nominal paraxial 
angles stipulated in the trigonometrical part of this 
article it will by summation over all the surfaces give 
the required indirect estimate of the' Y® aberration 
of the computed ray. As ^ of this appears as wave- 
distortion at the focus, this paraxial OPDm sum may 
bo aUowod to reach 4 wave-lengths, but, on account 
of the uncertainties introduced by the presence of 
still higher aberrations and by the rough method 
of estimating the Y® aberration, it is highly advisable 
to restrict the paraxial OPPm to a maximum value 
of only two wave-lengths. This would leave no 
reasonable doubt as to fulfilment of the Rayleigh 
condition. 

Thoro is no definite method for gaining control 
over aberrations higher than Y® ; if one were found, 
then it is an obvious deduction from the preceding 
paragraph that paraxial OPDm=0 would be a 
convenient and effeotive additional condition to be 
fulfilled. It would still call for the tracing of only 
two rays through the system. 

§(11) Fooal Rangsi and Depth oe Foods. 
— very important application of the Ray- 
leigh limit leads to the determination of the 
range within which the focal adjustment of 
an optical instrument may vary without 
sensible loss of definition and conversely to 
the fixing of the “ depth of focus,” that is 
the distance from the nearest to the farthest 
object which can he seen sharply at any one 
focal adjustment. All that is required is to 
’ discuss equation (11*) 

OPD = OPD^-W(J)^ 


Focal Ranges J of the LA' in Table I 

The testing of this result by direct integra- 
tion brings out the same remarkable fact, 
which also appears in all the other tested 
cases of a phase - difference equal to the 
Rayleigh J wave-length, namely, that the 
small deterioration of the image as compared 
with Airy’s ideal spurious disc is Umited to a 
loss of brightness in the central condensation 
(which nearly always is the only part appre- 
ciated by the eye) but does not affect its 
effective diameter. Within the Rayleigh 
hmit there is thus no loss of resolving power, 
but only a moderate loss of brilliancy and 
contrast in the image. On the average (the 
figures vary sensibly for different cases) the 
loss of light from the central condensation at 
the Rayleigh hmit is 20 per cent. This 
remarkable and most valuable pecuha'rity is 
maintained up to about twice the Rayleigh 
hmit : the central condensation still maintains 
its small diameter, hut at the doubled limit 
sinks to about 45 per cent of the ideal 
maximum brightness, all the light lost in the 
central condensation appearing in a faint 
halo and in the more or less distinct diffrac- 
tion rings. For this reason all the tolerances 
deduced above may be doubled in case of 
extreme necessity, stiU without serious loss 
of resolving power on detail possessing 
sufficient contrast. The focal range becomes 
quite large at high //numbers as it grows with 
their square. Thus in photomicrography the 
cones converging towards the sensitive plate 
are hardly ever wider than //128, and //400 
may be taken as near the average. For //400 
the focal range within the Rayleigh limit is 
625 times the figure given in Table I. for the 
LA' limit at //8, or 12-5 inches. It is there- 
fore quite unnecessary to focus on ground 
glass in order to localise the image. Equally 
good results wiU be obtained, with a great 
saving of time and eyesight, by focussing 
“in the air” with a weak magnifier (strong 
reading-glass) held at about its focal length 
from the eye and adjusted by guess for focus 
in the plane to be occupied by the photo- 
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graphic plate. The image seen in this way 
will have many times the brightness of that 
seen on ground glass, and the detail will not 
be obscured by the grain of the focussing 
screen. 

When there are sensible differences of phase 
due to spherical aberration at the best focus, 
then the focal range is necessarily correspond- 
ingly reduced, and this reduction is in fact 
the chief drawback attaching to residuals of 
aberration up to the Rayleigh limit. If the 
aberrational differences of phase can be 
restricted to half the Rayleigh limit the loss 
of focal range is unimportant, and if only 
one-quarter of the Rayleigh bmit is used up 
to cover aberration the loss of focal range is 
quite insensible. 

The comparison of the physically deter- 
mined light distribution near a focus with 
that suggested by purely geometrical ray 
tracing yields remarkable diagrams. The 
upper part of Ftp. 10 shows by the two inclined 



1*^ Doub/ec/ ffay/e/g/i L/mti 



straight lines the limits of the geometrical 
cone of rays in the absence of all aberration. 
Integration of the interference effect leads to 
the concentration of all the normally appre- 
ciated bght between the two parallel lines, 
which only begin to spread out at the doubled 
Rayleigh limit. The lower part represents 
the case of simple spherical aberration at the 
Rayleigh limit. The inclined lines represent 
the rays from half and full aperture respect- 
ively, the intersection of which determines 
the geometrical circle of least confusion. The 
physically determined light distribution is 
represented by the close parallel lines which 
lie entirely to the right of the geometrically 
determined supposed best image and enclose 
a cylinder of only one-quarter the diameter of 
the circle of least confusion. 

It is noteworthy that Taylor, in his System 
of Applied Optics, called attention to this 
cylindrical constriction of the light near a 
focus as an observational fact worthy of 
theoretical investigation. Any keen observer 
can easily verify it. 


The dcptli of focus in the object space may be 
‘deduced directly from the focal range in thd imago 
space by the well-known theorem that the magnifica- 
tion in depth (along the optical axis) is=the square 
of the linear magnification. This, however, becomes 
inaccurate for high numerical apertures, and it is then 
desirable to determine df at the object directly by 
the strict formula from which the above deductions 
were derived : 

Difference of phase =2d/ sin- — ^ — . 

On the side of the object the angle DDpD' is sin-^NA 
if the object is in air, or sin"’^ NA/N if the object 
hes in a medium of index N. In the latter case the 
wave-length at the object will also be shortened in 
the proportion of 1 to N, hence the universally 
applicable equation for df wifi, be 

Allowed difference of phase 
^ 2N sin® (|- sin'i (NA/N)) ’ 

in which the difference of phase (according to 
Rayleigh wave-length) must be measured by the 
wave-length in air. The range df may be allowed on 
either side of the sharply focussed object, hence for 
the Rayleigh limit 

-000005 inch 

Depth of focus = — - -y- --- — i-7AT T7 xf ^- 
N sm® (-J- sm ^ (NA/N)) 

This gives for the numerical apertures stated in the 
first horizontal, line the values in Table II. for wave- 
length -00002 in. (bluish green) : 


Table II 


Numerical 

Aperture. 

Depth of Focus 
in Air. 

Depth of Focus in 
Meilium of 1’5 Index. 


inch. 

inch. 

■26 

•000312 

•000476 

■60 

•000076 

•000117 

■76 

•000030 

•000050 

1-00 


•000026 

1-26 


•000015 


The small values of the depth of focus 
explain the necessity of a delicate, fine adjust- 
ment for the focussing of microscopes. The 
amounts given in the table are available even 
in the case of projection of the image upon 
a fixed screen or photographic plate. In 
visual observations there is an additional 
amount of depth of focus due to the range of 
accommodation of the human eye : this is 
dealt with in the introduction. 

§ (12) The Optical Sine Condition. — 
Although most perfectly freed from spherical 
aberration, a microscope objective may be 
utterly useless on account of coma in the 
images of objects not lying exactly in the 
optical axis. In microscope objectives of 
high numerical aperture this defect can reach 
such extraordinary magnitude that the 
theoretical resolving power may only be 
realised if the two close points are placed 
symmetrically to either side of the optical 
axis. The removal of coma is therefore 





MICROSCOPE, OPTICS OP THE 


223 


absolutely indispensable. Until 1873 this 
called for laborious calculations or else for 
numerous empirical trials of experimental 
lenses. In that year Abbe and Helmholtz 
simultaneously but quite independently an- 
nounced the remarkable theorem loiovra as 
the optical sine condition, by which the 
detection of coma is reduced to an almost 
negligible amount of computation. The 
theorem states that when any centred lens 
system causes a ray starting under an angle 
U from an axial object-point B {Fig. 11) to 



Fig. 11. 


reach the trigonometrically determined image- 
point D under angle U', then the ratio 
N sin U /N' sin U' will be the magnification of the 
image produced in the plane of D of a small 
object near B and in the plane passing through 
it at right angles with the optical axis. N 
represents the refractive index of the medium 
surrounding the object, and N' the index of 
the medium in which the image is formed. 
It follows at once that if zones of the lens 
system of greater or smaller diameter are 
considered, they will give an image of the 
same size only if the ratio N sin U/H' sin U' 
is constant throughout the full aperture. AH 
that is required in order to remove coma in 
the small field employed by microscope and 
telescope objectives is therefore to form the 
ratio N sin U/N' sin U' for every computed 
ray (usually the paraxial and the marginal 
one), and to modify the system until this ratio 
attains the same value for the several rays. 
This is in fact the universal practice of de- 
signers of telescope and microscope objectives, 
and it is very rarely the case that any suspicion 
of residual coma can be detected in systems 
thus corrected. When this happens it is due 
either to zonal variation of the sine ratio or 
to higher forms of coma which grow with the 
third power of the diameter of the field and 
are not included in the theorem. The latter 
covers alt orders of simple coma growing in 
direct proportion with the diameter of the 
field. 

Many proofs have been given of this re- 
markable theorem, but most of them are 
either incomplete or of a highly involved type. 
For a simple and yet valid proof reference is 
made to a paper by Conrady in Monthly 
Notices of R.A.S. for March 1905. 

§ (13) The Chromatic Correction oe 
Object Glasses. — All the ray-tracing equa- 


tions which have been given involve the re- 
fractive index of the lenses of which a lens 
system is built up. As the refractive index 
of any given glass varies for light of different 
colour and wave-length, the conclusion is 
obvious that the location of the final focal 
point, the magnification, and the spherical 
correction will also, as a rule, vary according 
to the colour of the light. Owing to the 
comparatively small change of N in the 
visually bright part of the spectrum (averaging 
less than 1 per cent of N between the C and 
P lines) and the jironounced maximum of 
intensity at the middle of this short range, the 
variations of magnification andspherical aberra- 
tion are usually small and can be neglected 
in systems of low aperture, or treated by a 
lower approximation than that required for 
the spherical correction of the brightest rays 
in systems of high aperture. 

The makers of optical glass supply with each 
melting a table giving the refractive index 
for the D-line, the dispersion Ny.-N„=dN 
between the C and P lines, N^-N^ between 
D and P, and under the symbol small Greek 
V, the ratio of (N^ - 1) to (N^ -N^). N'^ -N/ 

for the blue end of the spectrum is also 
frequently given, G' being the adopted symbol 
for the dark-blue hydrogen line close to the 
solar G-hne. Other indices have to be found 
by interpolation. The best formula (Conrady, 
Monthly Notices, R.A.S., 1903) for this 
purpose is 

N = No -f atu -h bw^-, 

in which Nq represents the hypothetical index 
for infinite wave-length, w the reciprocal of 
the Wave-length expressed in /x (-001 mm.), 
for which N is to be determined, and a and 6 
constants for any one glass. By writing out 
this formula for the values of N usually given 
by the glassmakers (C, D, P, and G'), and 
introducing on the right the corresponding 
numerical values of w, Nq, a, and b can be 
solved for in terms of the usual data, and are 
found as 

No=Nd-[-84896](Ny-N«) 

+ [-92452](N'„-N^), 

a=:[-69108](N/ -No) -[•81776](N'„ -N,), 

5 = - [9-29980 - 10](N/ - No) 

-+-[9-63529 -10](N'„-N/); 

The figures in square brackets are the loga- 
rithms of the numerical factors, which are 
more useful than the factors themselves. 

Por the whole range of ordinary optical 
glasses this interpolation formula gives indices 
agreeing with direct determinations within 
one or two units of the fifth decimal place 
throughout the visible spectrum. On the 
basis of the nature of the secondary spectrum. 
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the formula can be discussed so as to determine 
the wave-length for which a lens system has 
minimum focal length when the C and F 
rays are brought to a common focus in accord- 
ance with almost universal custom based on 
long experience. This wave-length of the 
visually most important rays is thus found as 
5555 Angstrom units, and the corresponding 
index can be determined accurately by 

Nb556 = N,j + -2157 (N/ -No) - •0474(N',,-N^), 

or with nearly always sufficient approximation 
by the extremely simple formula 

N655B = Nd-)--I88(N,-N.), 

which is obtained from the more accurate 
one by introducing -586 as an average value 
of the ratio -Ne), from which 

the latter does not vary for practically useful 
glasses by more than about + 6 per cent. 
Decidedly better results are obtained by 
carrying out the main calculation of lens 
systems for fulfilment of the sine condition, 
and freedom from spherical aberration within 
the Rayleigh limit with this index for visually 
brightest light obtainable by a single slide- 
rule setting instead of the widely used N^. 

§(14) GEOMETRroALCoRRECTiONOFTHE Chro- 
matic Aberration. — Ray -tracing methods for 
dealing with the chromatic aberration must 
be devised with due regard to the variation 
of spherical aberration in different colours, and 
to the existence of the secondary spectrum. 

A first method consists in tracing a paraxial 
and a marginal ray in each of two colours 
near the limits of the spectrum, which is effect- 
ive under the given conditions. C and F 
are generally best for visual purposes, D and 
G' for systems intended for photography at 
the visually determined focus. It will nearly 
always be found that the four rays cannot be 
brought to a common focus : the best that 
can be done is to allow spherical over-correc- 
tion for one (practically always the more 
refrangible) colour and spherical under- 
correction of nearly the same amount for the 
other (less refrangible) colour, and to bring 
the four intersection points within the smallest 
possible space along the axis, and to the most 
symmetrical distribution, which will be usually 
the sequence, counting in the direction away 
from the lens system : blue paraxial focus 
closely followed by the red marginal focus, 
after a fairly considerable interval the red 
paraxial focus, and closely beyond the latter the 
blue marginal focus. As the difference in the 
spherical aberration for the two colours is nlmost 
entirely of the primary order, this arrangement 
of the foci implies that the red and blue rays 
through the *7071 zone would be found closely 
united at the midway point. The chief draw- 
back of this method of carrying out the 
chromatic correction is, in the case of micro- 


scope objectives, that the criteria for the 
Rayleigh limit cannot be conveniently apphed 
on account of the residual longitudinal 
spherical aberration in both colours. Its 
advantage is that the spherical variation of 
chromatic aberration is determined directly. 

A better method consists in the tracing of 
a paraxial and a marginal ray in “ brightest ” 
hght, as defined for visual purposes by the 
simple interpolation formula given above, 
and in establishing perfect correction of the 
longitudinal spherical aberration for these two 
rays. To correct the chromatic aberration 
two rays of different colour (C and F for visual 
purposes) are traced through the '7071 zone 
and brought accurately to a common focus. 
On account of the secondary spectrum the 
latter will he at some distance beyond the 
focus of the brightest hght. In this case the 
criteria for the Rayleigh Limit can be applied 
to the brightest hght. The spherical variation 
of chromatic aberration is, however, not 
revealed. 

A very convenient simplification of the preceding 
method results if the effect of the secondary spectrum 
is eliminated from the calculation (it of course remains 
in the actual lens system) by coupling with the 
calculation of the paraxial and marginal “ brightest ” 
rays one fictitious “ violet ” ray traced through the 
•7071 zone, the Nn used being determined for each 
glass as the sum of its index for brightest light plus 
its dispersion between C and P. In this method 
the three computed rays can be brought accurately 
to one common focus. It can be confidently recom- 
mended for all ordinary purposes and for low-power 
microscope objectives if a purely ray-tracing method 
is preferred for any reason to the more expeditious 
and physically sound optical path method now to be 
given. 

§ (15) Physical Treatment oe the Chrom- 
atic Aberration. — Referring back to Fiff. 2, 
but assuming that the object-point 0 send 
out white light composed of all colours of the 
spectrum, the different velocities of propagation 
of these colours in any one lens of the system, 
and along axial and marginal paths in it of 
different length, will in general cause emergence 
of waves of varying curvature corresponding 
to the separate colours. The aim of achrom- 
atisation is to reduce these variations of 
curvature to the least possible magnitude for 
the range of the spectrum which contributes 
most strongly to the final image. Fig. 12, 
an elaboration of Fig. 2, will make this quite 
clear. If the thick curve W' in the image- 
space represents the emerging wave of brightest 
light, then in the case of chromatic under- 
correction the emerging more refrangible waves 
will have a greater curvature — and therefore 
a shorter intersection length of corresponding 
rays — and the less refrangible waves will have 
less curvature. By small adju-stments of the 
relative power of crown and flint components 
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the marginal gap between corres])nnding waves 
of different colour can be modified, and as the 
differences of refractive index for the range of 
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colours which calls for correction is always 
small, the relative distortion of tlie waves will 
be only affected to an unimportant extent by 
such a change. Under these conditions reason- 
ing of the same kind as was applied above in 
the application of the Rayleigh limit to the 
problems of spherical aberration and the loca- 
tion of the best focus in those cases immediately 
loads to the conclusion that the best com- 
promise {i.e. the least residual gaps between 
the different waves in the intermediate zones) 
will be attained if the waves of different colour 
are so adjusted that they intersect each other 
in the extreme margin of the effective aperture 
when they ai'e tangent to each other in the 
axis. This leads immediately to a solution of 
the problem. By the definition of a wave 
surface tlie oirtical paths along the geometrical 
rays between conjugate points of two positions 
of a wavo are absolutely equal. If the upper 
ray in Fig. 12 represents the trigonometrically 
traced marginal ray in brightest light, and 
di, d^, etc., are successive parts of the axial 
path, D^, Dg, etc., the corresponding parts of 
the marginal path, and if N 2 > etc., are the 
respective refractive indices for brightest light, 
the relation therefore exists for the two paths 
between W and W' 

2:(d--D)N=0. 

If the lower marginal ray in the diagram is 
similarly regarded as the trigonometrical 
tracing from W to the wave tangent to W' 
in the axis; but of a different colour, and if 
B'l, T>\, etc., are the successive parts of the 
marginal path, and -I- dN^, -i- dN^, etc., the 
respective indices, then for this coloured wavo 
the corresponding relation exists 

S(d-D')(N-t-dN) = 0. 

The discussion of the two sums would still call 
for the trigonometrical tracing of the two rays 
of different colour on account of the difference 
between the corresponding D and D'. At 
this stage Fermat’s “ theorem of the minimum 
optical path,” as it is loosely called, becomes 
available. According to this theorem, the 
optical ])ath of light between two points as 
determined by the law of refraction, that is 
by exact trigonometrical ray -tracing, represents 
a maximum, minimum, or stationary value 
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with reference to all alternative closely neigh- 
bouring paths. These neighbouring paths 
therefore can at most differ by small quantities 
of the second order if they are everywhere 
within small distances and at small angles of 
the first order compared to the computed 
path. It follows that if dN represents a very 
small increment of N, then the differences 
between the corresponding sums of D and D' 
values are strictly negligible. But the same 
convenient simplification is found to hold for 
any finite value of dN which can occur in lens 
systems. When the difference between a 
trigonometrically determined path and a 
neighbouring path at small but finite distances 
and angles is evaluated it is easily proved that 
this difference will rarely amount to so much 
as wave-length for any thicknesses or 
any angles of incidence that can occur in 
practicable lens systems. The neglecting of 
the difference between each D and the corre- 
sponding D' for each constituent lens or space 
is therefore always legitimate in actual lens 
systems. 

For the ideal chromatic correction shown in 
the lower part of Fig. 12, when the coloured 
and the brightest wave intersect in the 
marginal zone this equality of D and D' applies 
to all sections of the total path. There are 
then the two relations — 

For the brightest light, S(d — D)N — 0, 

For the coloured light, 2(fZ — D)(N' -1- dN) = 0, 

and the difference, 2(d — D)dN =0, 

embodies the condition to be fulfilled by the 
lens system if the ideal chromatic correction 
is to be realised. 

If the ideal correction shown in the lower 
part of Fig. 12 is not realised there will be a 
marginal gap between the brightest and the 
coloured wave, and for the last section of the 
respective marginal paths there will then be 
a corresponding difference between I) and D'. 
If the sum of the (d-D)dN is still calculated 
with the D-values for the brightest light, the 
sum will differ from zero by the exact amount 
of the marginal gap between the two waves. 
Therefore tins sum is an unconditional measure 
of the residual chromatic aberration of any 
lens-system if put into the form 

S(d-D)dN=Chromatic aberration, (12) 

the latter expressed as a difference of optical 
paths. 

The sense of the difference (d-D).has been 
chosen so as to give a positive value for a 
simple convex lens {d>D) and for coloured 
light more refrangible than the brightest light 
(dN>0) in accordance with the custom of 
counting chromatic “ under-correction ” as 
positive in this case. 
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The indices and dispersions supplied by the 
glassmakers are determined in air, and are 
therefore relative and not absolute values. 
This fact justifies to a large extent the uni- 
versal custom in practical optics of computing 
lens-systems with a total disregard of the 
refractive properties of air. The air is always 
treated as if its refractive index were exactly 
one and its dispersion zero. In evaluating 
equation (12) this means that air-spaces con- 
tribute nothing at all to the value of the 
chromatic sum, and that the terms (d - D)ci!N 
have only to be calculated for the actual 
simple lenses of which the system is composed. 
When the space between the object or image 
and the nearest lens is filled with a medium 
other than air, as, for instance, with oil or 
water in the case of immersion objectives and 
condensers for the microscope, this space must 
of course be included in forming the sum. 

The only quantity in (12) which calls for an 
addition to the computing formulae is D. By 
projecting the D of any one lens upon the 
optical axis it is easily verified that if is 
the depth of curvature calculated by (8) of 
the first surface, X that of the second surface, 
and U the angle of convergence of the marginal 
ray, then 

D=(dHhX-Xo)secU. . (12*) 

This formula also covers the case of the 
space between the object-point and the first 
lens surface of an immersion - system, by 
looking upon this space as a lens consisting 
of immersion-medium and of a thickness equal 
to the distance from the object-point to the 
pole of the first actual lens surface. X„ is 
then obviously zero and the formula becomes 
simplified to that extent, 

A well-handled slide-rule is generally sufficient for 
the working out of the {d-T>)dN sum, because the 
dN supplied with optical glass are neither determined 
with sufficient accuracy nor sufficiently constant for 
diSerent plates of the same melting to be depended 
upon beyond about 1 part in 600. Unusually thick 
lenses will, however, call for closer calculation, as in 
their case the percentage uncertainty of (d — D) wUl 
be much higher than that of D. Even then the 
slide-rule may be used, provided that U is reasonably 
small, by calculating directly 

d — D=(Xo— X) sec U— d(aec U— 1), 

in which the great thickness appears with a very 
small factor and influences merely a small correction. 

In practice the (d-D)dlSr is calculated for visual 
instruments with dN=N/- No as given by the makers 
and for photographic systems with dN=N'p-Nd. 

§ (16) The RAYLBiotf Limit eok Cheomatio 
Abberation. — A s by (12) the (d!-D)dN sum 
expresses directly the difference of marginal 
optical paths for the directly traced “ bright- 
est ” ray and for the coloured ray of a 
different refractive index, it is at once apparent 
that the sum may be allowed to differ from 


zero-value by the Rayleigh quarter-wave 
provided that the dN used refers to the colour, 
most remote from the brightest, which stiU 
contributes a sensible amount to the total 
intensity of the image. In visual instruments 
the light corresponding to the C and P lines 
may be taken as representing this hmit. But 
as the practice is to use the whole dispersion 
between C and P as the value of eZN, whilst 
the visually brightest light corresponds to the 
region about midway between C and P, a value 
of the (d - D)(Ny. - Ng) sum of half a wave- 
length wiU correspond to the Rayleigh limit 
for either C or P hght at the focus of the 
brightest light. Por visual instruments of 
moderate aperture, in which the spherical 
variation of chromatic aberration may he 
assumed to be unimportant, the Rayleigh 
limit therefore corresponds to 

S(d-D)(N/-N^)= ± •00001"= + -00025 mm. 

As in the case of the spherical tolerances 
previously discussed, this apparently minute 
latitude in the value of the chromatic sum 
really amounts to an extremely generous 
allowance. When it has to be drawn upon 
in order to improve the correction of other 
aberrations in systems of few surfaces (and 
it should, of course, he taken advantage of only 
for some good and sufficient reason !) it is 
usually used up in one of the constituent lenses. 
Now (d - D) may be taken roughly as of the 
order of -1 inch for any one average lens and 
(Ny-Nj) has an average value of -01. The 
full amount of (d - I))(N/ - N^,) for an average 
lens is therefore of the order of -001 inch. The 
tolerance of ±-00001 inch represents 1 per 
cent of this value, so that cither the power 
of the lens — which is proportional to (d - D) — 
or the dispersion of the glass may be varied 
to the extent of ± 1 per cent without trans- 
gression of the Rayleigh limit, and therefore 
without sensible loss of defining or resolving 
power. 

In systems of large aperture, which almost 
invariably contain surfaces of deep curvature, 
the spherical variation of the chromatic 
aberration represented by the separation of 
the different coloured waves in the lower part 
of Fig. 12 for zones between axis and margin 
must be estimated and restricted within safe 
limits. 

Owing to the smallness of the variation of 
the refractive index for the range of colours 
which caU for serious consideration in any one 
instance (C to P for visual instruments), the 
gap in question is almost entirely due to 
variation of primary spherical aberration for 
different colours and can he evaluated with 
reference to the “ brightest ” wave on the 
principles which were employed in the section 
on spherical aberration for the determination 
of the gap between a wave distorted by 
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spherical aberration and the closest-fitting 
ideal spherical wave. 

As the brightest and the coloured wave 
intersect each other in the marginal zone, and 
as the gap between them is attributable (with, 
sufficient approximation) to primary spherical 
aberration, the gap must correspond to an 
equation of the form 

which gives a maximum value of -Jc at 
where is used as a symbol for 
the full semi-aperture. 

In the paraxial region only the second term 
will be sensible, as Y/Y^ will be a very small 
fraction. Hence a determination of the 
(d-D)iiN sum for the paraxial region will 
determine the second term and thereby the 
value of c. This calls for the determination 
of the net thickness {d - D) of each lens in the 
vicinity of the optical axis. This is easily 
derived from the equation already used, 

- D = (Xo - X) sec U - fl!(sec U - 1 ). 

Xq - X will be very small and the factor sec U 
in the first term is therefore to bo neglected, 
as the term is clearly small of the second 
order. But in the second term d represents 
a constant finite quantity multiplied by (sec 
U - 1), which for small angles is small of the 
second order. Both terms of the equation, 
therefore, contribute terms of the second order. 
For the paraxial value of X equation (8jp) 

a: = 42/(w + ^), 

or, as by Fig. 1, 

y=r{^l + i), 

.'. x=:^r{u + iy. 

For small angles (sec U - 1) becomes = Jw®, 
hence the computing formula is 

{d - D)pavaxial= i>'o(«0 + + i)® - P . M®. 

(12p) 

If the zonal chromatic aberration is to bo 
determined this equation has to be evaluated 
for each constituent lens, just like the marginal 
(d-D), and the sum (N/-No)(£f- D)parn,x!a 
formed. The use in this calculation of the 
large fictitious values of the paraxial angles 
recommended in the first part of this article 
is equivalent to determining the Y® term of 
the equation for the gap at full aperture ; 
hence the paraxial (d--D)£iN sum gives the 
value of c in the equation for the gap directly 
without any further reduction. As the 
maximum width of the gap has been deter- 
mined above as equal to jc, one-quarter of 
the paraxial {d-I))dti! sum represents the 
maximum distance between the red and blue 
emergent waves, both of which will be at 


approximately half tliis distance from the 
“ brightest ” wave between them. In accord- 
ance with the Rayleigh limit the paraxial 
{d-D)dN sum may therefore be allowed to 
reach f or two entire wave-lengths. The rule 
to be followed in these cases of zonal variation 
of the chromatic correction is, therefore : 

(a) Bring the {d - D)(iN sum to zero-value for 
the marginal ray by suitable changes of radii, 
thiclmesses, or separations, or by selection of 
glass of appropriate dispersion. 

{b) Calculate the (d-D)dJSr sum for the 
paraxial region with the aid of (12p). If it 
does not exceed two wave-lengths (•OOOOi inch), 
the zonal chromatic aberration will be within 
the Rayleigh limit and practically insensible. 
Objectives which fulfil this or an equivalent 
geometrical condition arenoAV usually described 
as semi-apochromatic. 

§ (17) The Sii!CO.NDAEy Spectrum. — The 
{d - D)dN method of dealing with the chromatic 
aberration supplies by far the simplest and 
clearest means of demonstrating and evaluating 
the so-called secondary spectrum of all lens 
systems made from the ordinary optical 
glasses. 

As the (d-D) value of the separate com- 
ponents of a system may by B'ermat’s theorem 
be treated as practically constant for the 
whole visible spectrum, it is at once seen 
that if (rf 7- D)dN has been made zero for tAvo 
selected colours, it would also be zero for 
other colours if the dN-valuos for other colours 
of all the varieties of glass used in the system 
were in a fixed ratio to the ros]ieotive values 
of dN for the originally selootod colours. There 
are no glasses snitahlo for use in microscope 
objectives which fulfil this condition. As nn 
example, tAVO glasses largely used in microscope 
objectives may bo taken from Chance’s list — 

No. 6493 Nd = I-6160 N,-No= '00809, 

No. 337 1'6409 -OlOl?, 

N/-Nd= -00667 N^-N/= '00464, 
•01370 '01170, 

or ratio of disporsimrs 

2 '37, 2-43, 2-68. 

It is seen that the ratio of flint to crown 
dispersions increases greatly toAvards the 
Adoiot end of the spectrum. To estimate the 
resulting confusion of phase for D and G' 
when F and C have been brought to a common 
focus, it is host to calculate from the ratio in 
the F-C region what the dispersion of the 
croAvn-glasB ought to bo to establish propor- 
tionality. The result is that to remove the 
secondary spectrum the croAvn ought to have 

N/-Nc=: '00809 N/-N<i='0058l 

N'„-N/= -00494, 

or an increase of 

•00000, -00014, -00040. 
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These diflerencos, multiplied by the {d- I)) 
value ef the crown, give directly the secondary 
s] 5 ectruni effect as a dillorcnce of o])tical 
paths. Now it may bo taken that the tf)tfd of 
{d - D) values for the crown components of an 
average microscope objective is about -If) inch. 
Therefore the secondary apeetruin offeot in 
terms of optical ])ath is, referred to the 
combined F and C focus, for the D-lino 
•00014 X -15 = •00002" ~1 wave-length, for the 
C/-lino -00040 x •ir> = -0000(F ---^:i wave-lengths. 

In reality one observes close h) the fooiis of 
the brightest light which is nearly enough (for 
the present purpose) at 1). lloforred to this 
the P and C rays will arrive with a marginal 
difference of phase of on© wave-length and 
tlie Q' rays with one of four wave-lengths or 
respectively four and sixteen times the Ray- 
leigh limit. This demonstrates the extreme 
senousnoss of the secondary spootrum in cases 
when a long range of colours oomos into 
action and the difficulty of obtaining good 
photographs with “ aehromatia ” microBCoi)e 
objectives. Praetioally no advantage results 
from substituting other ordinary optical 
glasses for the two soleoted above. But very 
dilloront conditions arc found when the mineral 
fliiorito is substituted for the usual crown- 
glass and dense crown or very light Hint-glass 
for the usual dense Hint. 

Fluorite : Nd I -4338 N, ~ N, -00454, 
Toloscopo-flint : 1 -5237 ' -0 1 003, 

N,™Nd = -00321 N'o -0025(1, 
•00708 .00575. 

Ratio of dispersions : 2-21, 2-205, 2-2-15. 

(Jalculating what the fluorite dispersions ought 
to 1)0 for perfect proportionality, the result is 

N/~N„=- -00454 N/-Nd - -00321 .00200, 

or an increase of 

•00000, .00000, .00004. 

The total (d - D) value of fluorite in an 
apochromatic objective would, however, be 
larger tlian for an aohromatio ohjootlvo and 
may be put at -25 inch, whioh leads to 
praetioally perfect achromatism for the entire 
C to P region and a secondary spootrum effect 
of -00004 X. 25 = -00001".= half a wave-length 
for (F. Even G' is therefore at the doubled 
Rayleigh limit whioh still gives a decidedly 
small and reasonably bright imago of a point. 
This shows that a very groat improvement oan 
bo offootod by the proper use of fluorite in 
miorosoopo objeetives. But it must be homo 
in mind that the advantages will only bo 
realised if the correction of the zonal spherical 
and chromatic aberrations is of a correspond- 
ingly high order. Clearly realising this, Abbe 


from the vi'ry first coupled removal of those 
zonal aberrations, whicli can roach astounding 
magnitude in microscoiio objectives, with the 
demantl for nunoval of the .seeondar}’’ spectrum 
and roseuwed tlio name Aiiocliromat for systems 
which fulfil all three conditions. Objeetives 
improjjorly called ai)ne.hromatie are quite 
frecpiently met with, which when used with 
nearly their full aiiorturo are easily beaten 
in visual observations and oven in photo- 
graphic work by carefully computed and made 
true seml-apooliromatios of ordinary optical 
glass. 

§ (18) Tmc OmtoMATi'o Vahiatton oir 
Maonifuiation.—. At tlie present time all 
microscope objectives of loss than ^ inch 
equivalent focal length have an unaclu-omatio 
Him])Io front lens follonuHl by chromatically 
over - oorrootod back - combinations. Fiff, 13 
ropresentH the simplest possible (and for low 
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powers quite a useful) representativo of this 
type. A white ray starting from the axial 
objocfc.point 0 imdor angle [I will evidently 
ho Hj)eotrally doeomposed by the unauhronmtio 
front lens, and as a eonseciuence the more ro- 
frangible componente will reach the ohromatio- 
ally ovor-correeted baek lens at points closer 
to the optical axis than the ])oints at whioh 
the less refrangible reach the Iiaek lens. If 
the system as a wliole is achromatic for the 
irnage-point O', all the component colours of 
the original white ray will he brouglit together 
at O', but will necessarily reach it under angles 
steadily dimiriishing with the refrangibility of 
tlie colours. By the sine condition the raagni- 
fication produced at O' will ho sin U/sin U', 
and will he largest for the most refrangible, 
smallest for the least refrangible rays, with 
the obvious result that extra-axial objoot- 
points will be rendered not as white points 
but as short linear speetra with the violet 
end farthest from the optical axis. If the 
front lens oonsists of ghiss of high dispersion 
and is widely separated from the eorrootivo 
baok-eomhination, this ehromatio dilloronoo of 
the magnifloation may reaoh several per cent 
of the moan amount and will omphatioally 
oall for oorreotion if it approaches or exceeds 
1 per cent. It can be oorreeted in the objective 
itself, as shown in Fig, 14, by the addition 
of a final widely separated imeorroctod or 
ohromatloally undei-eorrooted lens so oalou- 
latod that by the action of a heavily ovor- 
corroeted middle oombination the dispersed 
colours are caused to meet in the final lens 
and leave it os a reconstituted white ray 
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proceeding towards O'. Abbe designed some 
experimental systems on this principle, but 
it is now invariably preferred to effect the 



Fig. 14, 


remarkable Petzval theorem. In its original, 
and hitherto the only generally recognised, 
form this theorem states that if a centred lens 
system is free from spherical aberration, coma, 
and astigmatism, then the residual curvature 
of the image of a radius R'i is determined by 

1 _ 1 .-. N - 1/1 1 \_ 1 ^1 


correction in the eyepiece by giving to the 
latter chromatic difference of magnification 
equal in magnitude but opposite in sign to 
that of objectives constructed according to 
Fig. 13. 

When the chromatic difference of magnifica- 
tion of an objective is to be accurately deter- 
mined, as it should be in the case of apo- 
chromatic systems, the beat method consists 
in tracing a coloured ray right through at 
sj\ of the full aperture used for the principal 
calculation. 

§ (19) The Abeerations of Obuqtjb 
Pencils. — A microscope objective spherically 
and chromatically corrected in accordance 
with the preceding sections and fulfilling the 
sine condition will nearly always give satis- 
factory results throughout the field of small 
angular extent which is normally utilised. 
Nevertheless the outer part of the field of 
low-power eyepieces frequently shows un- 
pleasant indications of the curyature of field 
and of the astigmatism, which are two defects 
of extra-axial image-points incapable of full 
correction in microscope objectives, and 
which are, partly for that reason, but chiefly 
on account of the heavy labour involved in 
their determination, usually left entirely un- 
considerod in the design of such objectives. 
Astigmatism causes extra-axial image-points 
to degenerate into an imperfect concentration 
of the rays which is characterised by the 
existence of two focal lines instead of one 
sharp focal point, one of these focal linos 
lying in a tangential direction with reference 
to the centre of the field, and being therefore 
called the tangential focal line, whilst the 
other lies at a distance from the first depending 
on the magnitude of the astigmatism, is 
directed towards the centre of the field, and 
is therefore called the sagittal focal line. If 
the astigmatism is “ pure,” then the focal 
lines are perfectly sharp straight linos, and 
all the rays pass through a small circular disc 
midway between the two focal lines, whilst at 
all other points the cross-section of the 
complete pencil of rays is elliptical. In many 
cases the astigmatism can be removed by 
suitable constructional modifications of the 
lens system. Another defect then remains 
(with rare exceptions), namely, curvature of 
the field. This curvature of the field in the 
absence of astigmatism is determined by the 


in which stands for the radius of the surface 
on which the original object-points lie. The 
sums have to be taken for all the constituent 
simple lenses of which the system is built up, 
N being the refractive index, and the first 
and second radius of curvature, and /„ the 
focal length of an infinitely thin lens having 
those radii. The remarkable feature of tho 
theorem is that the curvature of the imago 
is proved to be totally independent of the 
thickness and separation of the constituent 
lenses and also independent of the conjugate 
distances of object and imago. 

It has recently been pointed out (Conrady, 
Monthly Notices, R.A.S., Nov. 1918, Nov, 
1919, and Jan. 1920), as an almost obvious 
deduction from the usual equations for the 
oblique aberrations of centred lens systems, 
that the unsatisfactory “ if ” in the Petzval 
theorem may be avoided and the utility of 
the theorem may be greatly increased by 
incorporating in its statement tho fact that 
in the presence of astigmatism the two focal 
lines always lie on the same side of the curved 
image surface defined by the original theorem, 
and that the tangential focal lino of any one 
oblique pencil always lies at throe times the 
distance of the corresponding sagittal focal 
line from tho Petzval surface. This extended 
Petzval theorem takes the form 

A-_i 4 . 2 __Jl\ 

R',~R't ‘Ri N Vi rj’ 

in which R', signifies tho radius of tho surface 
on which all the sagittal focal lines lie, R'^ 
tho corresponding tangential radius, whilst the 
remaining terms have the significance already 
referred to. An exact (first ajiproximation) 
equation of unconditional validity thus takes 
the place of tho widely misunderstood and 
misinterpreted Petzval theorem. The chief 
practical value of the extended theorem arises 
from tho fact that it enables a designer to 
deduce a close value of R'g as soon as the 
more easily determined R'^ and R'^ have 
been found. 

In microscope objectives R'.^ always has a 
value nearly equal to the equivalent focal 
length. If the astigmatism is corrected there 
will then be a severely curved field, whilst tho 
attempt to reduce this curvature by over- 
corrected astigmatism (that is, by throwing 
tho focal lines beyond the convex side of tho 



230 


MICROSCOPE, OPTICS OF THE 


Potzval surface) leads to loss of definition in 
the outer i)art of the forcibly flattened field. 
The fact that a really satisfactory state of 
correction is thus impossible justifies to a 
large extent the universal neglect of a detailed 
study of the curvature of field and astigmatism 
in microscope objectives. It is, however, a 
fact that in the majority of oases, and especially 
in the spherically and chromatically most 
highly perfected apochromatio and sorai- 
apochromatic objectives, the already groat 
Potzval curvature is aggravated by undor- 
corroctod astigmatism which makes and 
especially R'j, shorter than R'j, 

The Lister typo of low-power objective is 
decidedly favourable in this respect and oan 
bo easily rendered still bettor by olosor approxi- 
mation to the typo of photographio portrait 
lenses, and this has been done repeatedly, 
especially for photomiorographio purposes, 
oven to the extent of adopting the anastigmat 
typo of photographio lens. In the higher 
powers the problem is far more diflioult, 
because the distribution of curvatures of 
surfacioa which favours a flat field is absolutely 
ojiijosod to that whioh loads to low residuals 
of zonal sphcu’ical and chromatic aberration 
in the c.entral part of the field. In the pajiors 
already quoted otlior extensions of the theory 
of oblique pencils are dealt with whioh open 
up now possibilities of rooohoiling those 
hitherto oontradiotory desiderata ; but an 
addition of at least one rather widely separated 
oomponont to the already comiilioatod high- 
power objective will nearly always be required 
and will carry with it a roduotion of tho trans- 
mitted light by about 12 per cent. 

Thoorotioatly there is one more defect of 
lens systems not yet mentioned, namely, 
distortion : owing to tho small angle of field 
of miorosoopo objectives this defect never 
roaobes appreciable magnitude (except perhaps 
in the ease of very accurate measurements by 
screw - micrometers), and may therefor© be 
passed over. 

§ (20) ThK CALOULATIOlSr OB' MrOEOSOOPB 
OB.risoTrvK8.-— It is always preferable to traoe 
tho light tlirough a miorosoopo objeotive in 
the reverse of tho actual direction, that is, 
from what will eventually be the imago to 
tho objoot. One reason for this procedure is 
that the tube-length thus booomes a fixed 
initial datum and will remain unchanged in 
modifying the system so as to attain tho 
oorreotinn of tho aberrations. A second 
justification is supplied by the fact, of whioh 
a designer soon booomes aware, that it is far 
easier and simpler to roach perfect correction 
by modification of the front lens or lenses 
than by changes of tho compounded back 
lenses. 

All existing microscope objectives, with tho 
possible oxcox)tion of simple thin cemented 


acliromatio lenses for low magnifications, may 
1)0 taken to bo tho result of a succession of 
])urely empirical trials either in actual glass 
and brass or by tlio trigonometrical com- 
puting method desorihod in an earlier section. 
For tho high powers this method is likely to 
remain. tho only one, for it is fairly obvious 
that in systems in whioh angles up to 00° or 
70° ncour no analxrbical approximation can be 
of tho slightest use. Rut tho lower powers 
of the Lister tyi)e can now bo arrived at by a 
strictly systematic analytical solution recently 
developed at tho Imperial College and based 
on tlio theory of oblique pencils given by 
Conrady in Monthly Notices of the M.A.8. of 
November 1918, November 1919, and January 
1920. As an example of a system designed by 
this process, and also as an illustration of tho 
praotioal use of the computing formulae given 
in this article, the following objeotive of Lister 
typo is aelooted {Fig. lf>). Tho problem sot was 
to design such a system so that it should (ha 
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tho really employed rovers© dirootion) produce 
a magnification of -4 times, that tho imago 
slioulcl be formed at 25 cm, from tho baok lens, 
that tho separation of tho bwo lenses should 
bo 0-25 om., and that f of tlio total refraction 
effoot or deviation of the marginal rays should 
bo produced by tho back lens. Tho glasses 
to bo employed were 

Chance No. 005 Na = 1-5175 V-=60-6. 

Chance No, 360 1 -6225 36-0. 


The analytical solution for freedom from 
spherical aberration and coma gave for in- 
finitely thin lenses 


10-64 

ra= 2-088 

ra= 6-13. 


(d/=-4) 

(da'=-2) 


13-51 

1-449 

(rfl.-.-3-20) 


(d/=-3) 

(d/=-2) 


Analytically the astigmatism was found to 
be zero. 

This first solution was tested trigono- 
raetrloally, after putting in tho suitable 
thicknesses given in hraokots, by tracing a 
paraxial and a marginal ray through with 
Initial if, -s Lj s® - 25 om. and log % ~ log sin Ui 
s 8-60604,, (U = - 1° 50'), and gave after pass- 
age through tho baok lens 

IV =12-7020 IV=3°37'0'' 

V= 12-5096 <=-064120, 

and after passage through tho whole system 
Lb' = 3-0449 ■ Ub'= 7° 12' 34" 

V= 3-0263 <=-125346. 
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As might have been expected, the system | 
preved spherically over-corrected, to the extent | 
of -\iQ — --OlSl). This was corrected by j 
shortening the last radius to r„= -2-93 by a 
few trigonometrical trials. The result then 
was 

V = 2-8690 Uo'=7°38'12" 

^6'= 2-8699 <=-132183. 

The sine condition then showed the coma 
correction to bo also defective, the magnifica- 
tion produced by the marginal rays being 

= — 4-1539 times, 
sin 

that by paraxial rays 

. -4-1317 times, 

showing an inadmissible difference of about 
^ per cent. The analytical solution was 
therefore repeated by solving for those forms 
of the two components which would give the 
opposite of the coma defect found trigono- 
metrically, and the new solution was 

j-i= 17-24 r4= 6-94 

r2=- 1-942 r5=-l-613 

r3= - 4-33 (ra= -4-13), 

changed empirically 
to - 3-60. 

With the same thiclmesses of the individual 
lenses as before, aird the same initial data, 
this gave 

<=2-9877 U«'=7M4'6" 

Zb' = 2-9682 <=-126609, 

or, again, spherical over-correction. By two 
trials the last radius was brought to = - 3-60, 
and this gave 

TV= 2-7847 U„' = 7°-44'-62'' 

Zo'= 2-7840 

The sliglit spherical over-correction may safely 
he ignored as it amounts to only a small 
fraction of the “tolerance” deduced in an 
earlier section. 

The sine condition is fulfilled by this 
objective within one part in 3500, so that the 
coma correction is practically perfect. The 
analytically determined astigmatism of the 
second solution is in the over-corrected sense 
just about to the right extent to yield the 
most favourable approximation to a flat 
field. In all these respects the objective is 
therefore an. exceptionally good one, although 
it departs to a stai-tling extent from the 
stereotyped Lister type, which would have 
r3=rB= 00, and very short radii of the first 
and fourth surfaces. 

The achromatism next calls for investiga- 


tion. Using the ;S(cZ-D)fZN method, the X 
of the six surfaces have first to be computed ; 
by the equation X = (PA)“/2r they are found as 

Xi= -01861 X4= -01188 

X3=- -17330 X5=- -04814 

Xa = - -07682 Xo = - -02029 

X2-Xi= - -19191 X5 -Xp.= - -06002 
- X3 - X2 = + -09648 Xe - Xg = -h -02786. 

As D = (cZ -f X - Xq) sec U, and as the values of 
di in proper order were -4, -2, -3, and -2, the 
oaloulation proceeds 



(i+X-Xo. 

U. " 

-(^^^-X-Xo) 
see U. 

a~T>. 

First lens 

•20809 

-0“ 17' 44" 

•20809 

-f-19191 

Second lens 

•29648 

-1 67 66 

•29069 

-•09669 

Third lens 

•28998 

8 38 82 

•24044 

-f- ■05960 

Fonrtlx lens 

•22786 

2 22 18 

•22804 

- .02804 


The sum 2(cZ-D)£ZN can now bo worked 
out for any available glasses of the assumed 
refractive indices. For the glasses used in 
the analytical solution Chance’s Mst gives 
Ny - for the crown as -00866, for the flint 
as -01729. Using these with the above values 
of tZ - D for the several lenses it is found that 
2;(fZ- D)(ZX “ - -000004 cm. = - -08 wave-length. 
As the tolerance is -5 wave-length, this minute 
over-correction may be allowed to pass. If 
the residual had proved laiger it would have 
boon necessary bo search ishe glass lists for a 
crown, with slightly higher or for a flint with 
slightly lower dispersion.- The great advantage 
of the (tZ-D) method is that it is nearly 
always easy to establish sufficiently exact 
achromatism by merely ringing the changes 
on available meltings, jwovidod of course 
that the rough design was arrived at with 
due regard to approximate fulfilment of the 
ohromatio condition. 

The test for zonal chromatic aberration by 
tho paraxial form of the (cZ-D) equation is 
next carried out by tho formula given above. 
It was found to give tho paraxial residual 
= -I- -000048 cm., or under-oorrection amount- 
ing very nearly to one wave-length. As tho 
“ tolerance ” was fixed at two wave-lengths 
tho objective is found to be satisfactory. 

Zonal spherical aberration must then bo 
determined by tho trigonometrical OPD,„ 
equation (10’"’"). Employing 20,000, the 
approximate number of wave-lengths in one 
centimetre, as an additional factor so as to 
obtain tho OPD directly in approximate 
wave-lengths, the results are 

OPDi=- -36 OPDb=-I- -006 

OPI)2= -t- 14-84 OPDb= -1-3-32 

0PD3= -11-04 OPD„= -6-12, 

and their algebraical sum=-)--66 wave- 
length represents the load with which the 
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marginal ray meets the axial ray at the final 
fncua. As the present system includes no 
very large angles or curvatures this residual 
may safely he interpreted as indicating simple 
zonal aherration, for which a tolerance of two 
wave-lengths was established. The result is 
therefore highly satisfactory. 

It may bo of interest to add that the whole 
of the analytical and trigonomcti'ical work 
involved in arriving at this final design was 
carried out in loss tlian ton hours The 
objective would bo described as a inch of 
NA. 135, for English tube-length. If made to 
two-third scale it would bo suitable for a IJ. 
inch for Continental tube-length. 

In tho higher powers of three or more 
scjiarated components the attainment of the 
desired oorreotion doi)ends almost entirely on 
empirical trials guided by experience and 
instinct, tho latter being most easily acquired 
by progressive studios beginning with simple 
atshroinatic lenses and gradually advancing to 
more complex forms. Tho calculation of tho 
Old) values should never be omitted, for 
oxi)ei'i('nce has shown that if tho differences 
of optical paths arising at any one surface 
exceed 30 or at mo.st 50 wave-lengths tho 
fulfilment of the Rayleigh condition for the 
whole aperture is rondorod almost impossible. 
Similarly tho sum of all the positive OPD 
amounts should not exceed 100 or at most 
200 wave-lengths for any one complete system. 

In systems with the usual thick, plano- 
convex front lens the form of the latter which 
loads to oorrootion of tho longitudinal spherical 
aberration and of the coma for tho computed 
marginal ray can always be determined by a 
practically direct solution. Refraction at the 
final j)lano surface docs not change the ratio of 
sin U' to u\ as both are derived from their 
values before refraction by multiplication with 
tho relative refractive index. Therefore the 
sine condition must ho fulfilled by the U' and 
n' of tlio first, spherical face of the front Ions, 
and the requisite radius can bo quickly found 
by a few trials based on this criterion. Pro- 
vided that this radius loads to spherical over- 
correction of tho refracted pencil (if it does not, 
then spherical correction will be impossible) 
tho necessary thickness of the front lens can 
1)0 found by a direct solution. Let the inter- 
section len^hs of tho rays issuing from tho 
convex surface be V and lu* ~l' -^(iJ — V), and 
let d bo the sought thickness. The inter- 
section lengths of the rays arriving at tho 
])lano face will be V~d and V ~d-\-{JL' —V) 
respectively. The corresponding intersection 
lengths after refraction are to ho equal (so 
as to remove the spherical aberration) and 
are determined by Pi(3p)* and PZ(3)* respect- 
ively. Hence the condition 


(r-d)N' 

“N ' 




N' cosU' 
N cos U ’ 


in which U represents the obliquity of the 
marginal ray arriving at the plane and U' its 
value after refraction as obtained from the 
equation by sin U' = sin U . IST/N^ This equa- 
tion immediately gives the solution 


(L'-Z' 

(cos u/ cos u') — r 


With this convenient solution any number 
of front lenses can be found for given back 
combinations and the best one picked out 
by the criterion of zonal aberrations. This 
represents the strongest argument in favour 
of calculation of microscope objectives in the 
reverse direction. 

In objectives of a numerical aperture 
exceeding about -26 the spherical aherration 
of the cover-glass usually employed in micro- 
scopy has to he allowed for. As objectives 
of these higher powers always have a piano- 
convex front lens this allowance is easily made 
without any laborious calculation by diminish- 
mg tho thickness of the front ions calculated 
by tho last equation by the thickness of the 
covor-glasa. This simple procedure is legitimate 
oven when the refractive index of tho front Ions 
differs very considerably from that of tho 
cover-glass, for it is found by direct calculation 
that the aberration of a thin piano -parallel 
plate is almost independent of its refractive 
index in tho region of usual glass indices. 

§ (21) Eyepibobs.’^ — T ho imago produced by 
a microscope objective is usually further mag- 
nified by an eyepiece inserted in the u])per end 
of the tube. 

The cones of rays issuing from tho objective 
towards the primary image have a common 
base at or near the back lens of tho objective ; 
it is convenient and usual to assume that this 
common base of all the image-forming pencils 
coincides with the second focal plane of the 
objective. Any one of those pencils is refracted 
by tho lenses of tho eyepiece as indicated in 
Fig. 16, and should, for a normal eye with 



relaxed accommodation, emerge as an inclined 
bundle of parallel rays. The angular magnifica- 
tion of the eyepiece is then defined as tho ratio 
tan U'/tan U, U being the angle at which the 
central or principal ray of the oblique pencil 
leaves tho second focal point of the objective, 
and U' the corresponding angle after passage 
through the eyepiece. The angular magnifica- 
tion so defined represents tho number engraved 
on many eyepieces — more especially on com- 
pensating ones — and is the most convenient 
one for the designer. Prom the general theory 
of lenses it follows that if D represents the 
‘ See also “ Eyepieces.’' 
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distance from the upper focal plane of the 
objective to the lower f(joal plane of the 
eyepiece ( =the so-called ojptical tube-length of 
the microscope), / the equivalent focal length 
of the eyepiece, and MA the angular magnifica- 
tion as defined above, then 


The values of D used by Abbe for the 
compensating eyepieces have been widely 
adopted; they are D = 180 mm. for the 
“Continental” and D = 270 mm. for the 
“ EngUsh ” standard tube-length. English 
makers, however, more usually adopt 10 inches 
as the value of D on which their magnification 
numbers are based. 

The order of importance of the various 
aberrations is quite different for eyepieces 
from that for objectives. The reason is that 
the mdividual image-forming pencils passing 
through the eyepiece are very slender, their 
convergence ratio as they leave the objective 
rarely reaohmg even //16. Consequently the 
longitudinal spherical and chromatic aberration 
of the individual pencils is unimportant and 
may usually bo ignored altogether. On the 
other hand pencils like the one shown in Fig. 16 
aiming at image -points near the margin of 
the field of view pass the eyepiece lenses at 
large angles of incidence (fx’equently exceeding 
30°, and at the contact surface of aohromatisod 
oye-lonsos oven 60°), and these large angles 
may load to very sei-ious amounts of chromatic 
difference of magnification, of distortion, of 
astigmatism, and oven of coma. These are 
the aberrations which call for the attention of 
the designer. 

The chromatic difference of magnification 
is most easily dealt with. It arises from the 
dispersion of a white principal ray into its 
constituent colours by the prismatic effect of 
tho extra-axial parts of the eyepiece lenses. 
Such a ray -will bo dispersed by the first or 
fiold-lens {a) as indicated in Fig. 17, and if a 



single lens were used as an eyepiece the violet 
and red images would be seen in the I’overso 
direction of the corresponding emerging rays 
and would not coincide ; the red image would 
appear decidedly smaller than the violet one. 
This defect is most usually corrected by placing 
a second lens, the eyb-lons {b), at a considerable 
distance from (a). The violet ray then 
traverses this second lens closer to its centre 


than the red ray and suffers less deviation, 
and a means is jn-ovided to secure parallel 
emergence of the different coloured rays. As 
was pointed out in discussing the objective, 
tho latter may itself supply primary images 
with a chromatic difference of size, the violet 
primary image being larger than the red one. 
The . eyepiece then must compensate this 
difference in addition to correcting its own. 
The following paraxial solution is usually 
sufficient to determine the data of an eyepiece 
consisting of two thin lenses so as to establish 
equal magnification in all colours : 

. Let G be tho compensation constant of the 
objective with which tho eyepiece is to be 
used, calculated as 0 = 1- (size of red primary 
imago)/(8ize of blue primary image), the red 
image corresponding to the C-line of the 
spectrum, the blue image to the F-hne. For 
most of the apochromatic objectives C = -012. 
In the case of eyepieces for general use with 
ordinary objectives it would be advisable to 
introduce 0 = -004 or -005 as a compromise. 

Let / be the desired equivalent focal length 
of the eyepiece, /„ the focal length of the 
field-lens, f ^ that of the eye-lens, k =fjfa the 
adopted ratio of the two separate focal lengths, 
a usually suitable numerical value being k = '5. 

Further let he the glass-maker’s r -value 
for the material of tho field-lens, vj, the 
corresponding value of the eye-lens, MA the 
required angular magnification, always a 
negative number, and d the separation (air- 
space) between the two thin lenses. Then 
the problem will bo solved by calculating 

A=/[P± 

in which 

P= I -I-4MA . + C . 

Q=(H-MA./^)^U-//“), 

and then 

= and d =/,-!-/, 

For eyepieces without compensation (0 = 0) 
two plano-convex lenses of ordinary crown- 
glass will usually give fairly satisfactory 
results. If the Huygenian type is to be 
adhered to for compensating eyepieces, good 
results are only obtainable by making the 
field-lens of dense flint-glass (Nd = l-62 or 
better 1-65) and the eye-lens of light crown- 
glass, or better still by using an achromatised 
eye-lens oo). For compensating eye- 

pieces for high values of NA Abbe introduced 
chromatically over-corrected close combina- 
tions on account of the greater distance of the 
eye-point obtainable with this tyqxe. With 
Huygenian eyepieces of high magnification tho 
eye has to be brought very close to the eye-lens 


234 


MICROSCOPE, OPTICS OF THE 


in. order to see the whole field, and this proves 
irritatiiig, especially to observers with long 
and stiff eyelashes. 

The modification of an eyepiece design with 
a view to reducing the other aberrations men- 
tioned involves the whole theory of pencils of 
finite obliquity and aperture and cannot be 
usefully dealt with in the available space. 

§ (22) The Illxtmination of Mioeosoopio 
Objects. — From the point of view of geometri- 
cal optics it ought to make very little difference 
how the illumination of an object is effected, 
provided it is of suitable intensity for com- 
fortable observation. If aberrations are absent 
the instrument should yield a perfectly sharp 
image of every point in the object regardless 
of whether the whole aperture of the object- 
glass is filled with light or whether only a part 
of the aperture transmits light. Moreover, 
such an absolutely sharp imago should bear 
unlimited magnification. This was in fact the 
view taken until about 100 years ago ; if 
the instrument failed to give sharp images 
when a certain magnification was exceeded, 
the oxx^lanation was sought in uncorrected 
aberrations. Certain observational experi- 
ences which demonstrated that with the same 
instrument and the same magnification sharper 
images and higher resolving power could be 
obtamed sometimes merely by changing the 
direction from which the object was illuminated 
were explained as shadow-effects of the type 
which renders visible under oblique illumina- 
tion countless small craters on the moon of 
which not a trace can he seen in the full 
moon. The improhabihty of any appreciable 
shadow being produced by the usually frail 
and highly transparent microscopic objects was 
ignored. 

The undulatory theory of light supplied the 
means of explaining this obvious breakdown 
of the purely geometrical explanation of 
optical images. Airy’s determination of the 
form and size of the spurious disc produced 
by interference of the light arriving at the 
geometrical focus of a perfect instrument 
solved the problem to a considerable extent. 
Although his result was obtained nominally 
for the telescope it is equally applicable to 
any other perfectly corrected optical instru- 
ment, for the diameter of the spurious disc 
is found to depend only on the wave-length 
of the light (to which the diameter of the disc 
is proportional) and on the aperture of the 
objeot-glasS, if the diameter of the disc is 
measured in angle, or on the ratio of aperture 
to focal length if the diameter of the disc 
is measured in linear measure; the diameter 
of the disc in either case is inversely pro- 
portional to the aperture. As two discs will 
cease to be separated by a dark space when 
their distance apart is equal to their diameters 
it follows that the least distance at which two 


points in the image can ho resolved is equal 
to the diameter of the spurious disc, no matter 
in what unit the latter is measured, and also 
that this distance is inversely proportional to 
the effective aperture of the object-glass and 
directly proportional to the wave-length of 
the light employed. 

When ajjplied to the microscope, Airy’s 
theory of the spurious disc explains some of 
the observed phenomena fairly satisfactorily. 
As the smallness of the image depends on the 
effective aperture, i.e. that part of the lenses 
which is really filled with light, there should 
be a maximum of resolving power when the 
object-glass is completely filled with light and 
a reduced resolving power if only a part of 
the fnU aperture is utilised. This is quahta- 
tively in accordance with experience, but not 
quantitatively, for it is found that a micro- 
scope objective retains one-half of its maximum 
resolving power if only a very small axial 
illuminating pencil is employed ; by the 
theory the resolving power should be reduced 
to a very small fraction of its maximum value. 
Light scattered by the structure of the object 
and thus shghtly utilising the space not filled 
with direct light was naturally adduced in 
explanation ; but it is impossible thus to 
account for the fact that — with all kinds of 
objects — ^the resolving power is just half that 
obtainable from the lens when completely 
and uniformly filled with light. 

Another and even graver objection to the 
application of the Airy theory in the case of 
the microscope arises from the fact that the 
theory is only vaUd, firstly, if all the light 
arriving at any one image-point is coherent, 
that is, derived from one original point-source 
and, moreover, if this light approaches the 
image-point as a truly spherical wave train; 
secondly, if other image-points in the immedi- 
ate neighbourhood of the one first considered 
receive no fight from the source illuminating 
the first, otherwise there would be secondary 
interferences between adjacent image-points 
and the form of the individual images would 
be profoundly modified. These fundamental 
conditions could only be fulfilled if the objects 
under observation were rendered self-luminous, 
say by making them white-hot, which is 
manifestly out of the question in ah but most 
exceptional cases. It used to be thought 
(Helmholtz was the last responsible scientist 
upholding this view) that the objection could 
be met by projecting upon the object under 
examination the sharp image of a self-luminous 
source by means of a highly corrected con- 
denser. But no condenser yet made has the 
requisite freedom from aberrations, and even 
if one were produced it would still depict each 
point of the source as a tiny spurious disc with 
attendant interference-rings, all consisting of 
coherent light covering an appreciable area 
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of tho object and so defeating tlus theoretical 
roquironients. 

Finally tho Airy theory can give no reason- 
able explanation of any kind of tho results 
obtained by lighting objects with light of such 
obliquity that the direct illumination cannot 
enter the objective of the microscope, that is, 
tho theory fails entirely for dark -ground 
illumination. 

§ (2.3) Abbe Theoey. — Abbe was the first 
physicist who clearly realised these short- 
comings of the Airy theory when applied to 
the microscope. He overcame the difficulty 
in the way which is rendered obvious tho 
moment its nature is recognised, by studying 
the nature of tho image produced when tho 
object is illuminated by a single point-source 
so that all the light falling upon the object is 
necessarily coherent and capable of inter- 
ference. If an extended self-luminous source 
is subsequently substituted, each point of it 
will produce an imago of the typo determined, 
and as tho vibrations of different points of a 
self-luminous source are independent and in- 
capable of permanent interference the final 
imago will everywhere have tho simple sum 
of the intensities of the elementary images 
without any comphoations due to secondary 
interferences. 

If a minute hole measuring only a small 
fraction of a wave-length in diameter is pro- 
duced in an opaque film and illuminated from 
a distant point-source, then there will be no 
scope for sensible interference effects, and tho 
hole will send out light in all chreotions on 
tho piinoiplo of Huygens and will behave 
exactly as if it wore itself self-luminous. This 
is tho only case in wliioh the theories of Airy 
and of Abbe load to tho same result. It is 
approximately realised in the “ ultra-micro- 
Boopo,” by which minute particles are seen 
exactly like stars in a tolosoopo ; in fact, if the 
instrument is well oorreotod tho spurious disc 
with its surrounding diffraction rings is clearly 
seen. 

But if tho light-transmitting aperture attains 
a size of tho order of a wave-length or if there 
are a number of apertures wthin small dis- 
tances of each other, then there will be 
intorforonoe offocts between the light from 
different points of tho aperture or apertures, 
resulting in the producing of some typo of 
diffraction spectra, In the vast majority of 
cases the result is hopelessly compUoated and, 
moreover, inacoossiblo to theoretical discussion, 
inasmuch as tho latter would require the 
minute structure of the object to be known 
with absolute certainty. In the case of deli- 
cately structured natural objects only known by 
miorosoopioal observation an obvious vicious 
circle would bo involved in using such objects to 
tost a theory. This also was clearly realised 
by Abbe and avoided by devising a large 


number of highly ingenious exjjorimonts on 
artificial simple objccits such as linely-drawn- 
out glass threads, and especially on gratings 
ruled in a silver or carbon film and used either 
singly or two crossed so as to produce dot- 
patterns, By observing such objects of accu- 
rately known structure Abbe proved experi- 
mentally his theoretical conclusions that 
refraction or reflection of light by the object 
could not explain the image, but that the 
image could be fully accounted for by the 
diffraction spectra produced by the object, 
and that the verisimilitude of the image 
depended on the extent to which the diffracted 
light was admitted by the objective of the 
microscope. For a fuller account of this 
Abbe theory reference must be made to 
Dippol’s handbook of micro8co];)y, and for a 
more detailed study of the application of the 
theory to the conditions usually prevailing in 
the actual use of the microscope to two papoi’s 
by Conrady.’- 

All that is required to establish the theory 
of illumination is to consider the distribution 
of the diffraction spectra in the case of a 
simple grating of straight and equidistant 
slits. If such a grating is illuminated by 
parallel light from a distant point-source a 
number of diffracted beams are produced, and 
as the angles at which these proceed obey a 
sine law whilst a microscope objective also 
must satisfy tho optical sine condition, it easily 
follows that, no matter in what direction the 
source of light may be placed, the diffracted 
beams are depicted in tiie upper focal plane 
of the objective focussed on the grating as a 
series of equidistant points if the light is 
monochromatic, the distance from point to 
Ijoint being inversely proportional to the 
spacing of the grating and to the wave-length 
of tlie light, and the line formed by all the 
diffracted light-points being at right angles to 
the direction of the grating-slits. If at least 
two consecutive diffracted beams are trans- 
mitted by tho objective, then their interference 
in the final imago plane (usually on the retina 
of the observer’s eye) will produce an alter- 
nation of bright and dark lines coinciding with 
the image of tho grating which would be 
deduced by geometrical optics. With an ob- 
jective of limited aperture only a part of the 
complete set of diffraction spectra will be 
admitted. Referring to IPig. 18, in which the 
direct light is distinguished by a small circle, 
the flanking diffraction spectra by crosses, it 
is easily seen that if the source of light were 
placed upon the optical axis, an objective of 
small aperture (A) might admit only the direct 
light and no resolution would be obtained. ■ It 
would require an aperture B to admit the 
direct light and the two nearest diffraction 

* Journ, JR. Micr, Soc , 1004, pp. 610-033, and 1906, 
pp.' 641-663. 
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spectra with axial illumination and to secure 
resolution. But if the source of light were 
moved to one side of the optical axis — thus 




18 . 


producing oblique illumination — then the aper- 
ture A would just be capable of admitting the 
direct light and the nearest diffraction spec- 
trum (0) and resolution of the grating would 
result. The increased resolving power with 
oblique illumination is thus explained ; also 
the two-to-one ratio of resolving power with 
extremely oblique and with axial illumination, 
respectively. 

But a very grave objection to simple oblique 
illumination is also easily deduced. As a rule 
the observer will be ignorant of the direction 
of the lines of the structure under observation 
or there may be in the same field specimens 
having lines in various directions. Now with 
obhque light arranged according to case 0 and 
a structure producing a row of diffraction 
spectra of the same, or even a closer, spacing, 
but on a line nearly at right angles to that 
first considered, only the direct light would be 
admitted (D) and no resolution would result. 
To avoid this pitfall it is therefore absolutely 
necessary when employing simple obhque 
illumination to try it in all azimuths, either 
by rotating the object by means of a mechan- 
ical stage or by producing a corresponding 
change in the illuminating pencil by a rotating 
eccentric diaphragm of the substage-condenser. 
But a method which nearly always deserves 
preference is to produce oblique light in all 
azimuths simultaneously by means of a con- 
denser opened to a suitable aperture to secure 
the desired degree of obliquity with a large 
“ solid cone ” of illumination, or to accentu- 
ate the higher resolving power of oblique 
light by adding a central stop below or 
above the condenser-iris which cuts out the 
central part of the illuminating cone and so 
produces “ annular illumination.” Evidently 
the essential requirement is that the illumina- 
tion should be perfectly symmetrical with 
regard to the optical axis, that is, strictly 
concentric with the latter. Looking down the 
tube of the microscope the observer should 
see either a uniformly bright and nicely centred 
disc of light or a ring of light of uniform 
brightness and bounded by circles concentric 
with the axis of the microscope. These are 
the conditions which are both necessary and 
sufficient to secure truthful and reliable images 
of microscopic objects no matter what their 


structure may bo. The realisation of these 
conditions is not difficult if a uniformly bright 
source of light of large area, such as the sky 
or a large flame, is available, and excellent 
results are then obtainable with condensers of 
the simplest type. But when the source is 
small and especially when it is almost linear 
like an incandescent lamj) filament, then the 
conditions can only be adequately satisfied 
with a condenser carefully designed so as to 
be fairly free from spherical and chromatic 
aberration and accurately focussed so as to 
project a sharp image of the source of light 
upon the object rmder observation. Con-* 
densers of this land closely resemble micro- 
scope objectives of corresponding numerical 
aperture and are designed by the methods 
described in earlier sections : the tolerances, 
however, may be safely extended to two 
or three times the amounts stipulated for 
objectives. 

The Abbe theory also leads directly to a 
formulation of the proper conditions to be 
fulfilled in dark-ground illumination. If a 
regular structure is illuminated by light of 
such obliquity that the direct light cannot 
enter the microscope objective, then the 
image will be produced entirely by diffracted 
light and at least two diffraction spectra 
must be admitted in order to secure an image 
of the structure. Eiy. 19 shows at once that 
the maximum of re- 
solving power will he 
secured if the first and 
second diffraction spec- 
tra can just enter at 
opposite margins of the 
aperture. Evidently 

the direct light wll 

then be three times as Pio, 

far from the axis as 

either diffraction spectrum, and this maximum 
can therefore only be realised if a condenser 
is available which has three times the numerical 
aperture of the ’objective to which it supplies 
dark-ground illumination. As the numerical 
aperture of a condenser cannot exceed l-S, it 
follows that the full resolving power of ob- 
jectives over -5 NA cannot be realised by 
dark-ground illumination ; the latter therefore 
implies a disadvantage in the case of all 
objectives of high NA. On the other hand, 
there may be present in the same field coarse 
structures which give closely spaced diffrac- 
tion spectra. In order that the latter may be 
admitted, it is necessary that the ring of 
dark-ground illumination should extend m- 
wards as nearly as possible to the aperture of 
the objective in use. Hence a second im- 
portant rule : that the dark-ground stop should 
be only just large enough to secure a dark field. 
This rule caimot usually be satisfactorily ful- 
filled if a high-power condenser has to be used 
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in order to Hooure illuminating cemea of great 
obliquity. The reason is that in practically 
all existing condensers of high N.A. the dia- 
phragm and dark-ground att)p are placed far 
below tlio anterior focal piano, with the result 
that a real imago of both is formed close above 
the object under observation {Fig. 20). If this 
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imago of the dark-ground stop is only just 
largo enough (as it ought to be) to stop direct 
light from the axial object-point from entering 
the microscope objective, then it will stop out 
an oblique cone of similar angle from extra- 
axial object-points, with the result that from 
the latter direct light will be admitted on the 
side of least obliquity of the inclined hollow 
illuminating cone. Tlio field thus is dark only 
in and near its centre, with rapidly growing 
illumination towards its margin, and the effect 
is totally spoilt. This grave drawback can 
only bo removed by placing the diaphragm 
and central stop close to the anterior focal 
plane of the condenser : unfortunately the 
present design of microscope stages and sub- 
stages renders the fulfilment of this important 
condition very difficult. The various types of 
reflecting condensers (paraboloids, etc.) are 
attempts to overcome this difficulty : it would 
bo decidedly preforalflo to have oil-immersion 
condensers witli correctly placed diaphragms, 
and it is therefore to bo hoped that designers 
will give earnest attention to this desideratum. 

A. B. 0. 


Miouoscopb Eybpikotss. See “ Eyepieces,” 
§ (0) ; also “ Microscope, Optics of the,” 

§ ( 21 ). 

MioRosooi'B Objectives, Caloxjlation of. 
See “ Microscope, Optics of the,” § (2) 
et seq. 

Testing of. See “ Objectives, Testing of 
Compound,” 

Miobosoopic Objeots, Pboj-EOTiok of. See 
“ Projection Apparatus,” § (16). 

MICROSCOPY WITH ULTRA-VIOLET 
LIGHT 

§ (1) Introdttgtion. — The evolution of the 
modern microscope has boon a process in 
which improvements of importance have 
alternated with long periods of apparent 
inactivity. It has in general followed the 


same lines as other optical instruments, that 
is, so far as methods of correcting for spherical 
and chromatic aberration are concerned (see 
“ Microscope ”). The introduction of im- 
mersion lenses by Amici in 1855 marks one 
of the great optical improvements that has 
had a profound influence on its development, 
although it was at a much later date that full 
advantage was taken of the method. Not 
until the latter part of the last century, 
largely owing to the researches of Abbe,’- 
were the factors governing resolving power 
recognised and understood. It was realised 
as the result of these researches that there 
exists a limit beyond which resolving power 
cannot be increased. The practical result 
therefrom was the computation and pro- 
duction of apochromatic objectives, in which 
colour correction was of a higlier order 
than had at that time been achieved in any 
optical instrument. Since that period there 
has been no real advance in microscopic optics. 

There are two distinct methods of investiga- 
tion in modern microscopy, one in which 
enhanced visibility is the main purpose in 
view, no information as to the form or structure 
of minute objects being secured, and the 
other the more usual one of the resolution 
of structural details. In the former case 
objects are rendered self-lmminous, appearing 
as bright bodies on a dull ground. The 
method is Icnown as “ dark-ground illumina- 
tion ” when bodies within the resolution limits 
are being observed, as “ ultra-microscopy ” 
when small particles beyond these limits are 
made visible.® Considerable confusion has 
arisen owing to the use of the term “ ultra- 
microscopy ” in describing both modes of 
observation. In their fundamental physical 
aspects the method of dark-ground illumina- 
tion and observation with the ultra-micro- 
scope are identical, as both serve to enhance 
the visibility of an object. The practical 
difference is in the type of object under 
observation and the manner in which it is 
observed, rather than in the difference between 
the character of the appliances used for the 
purpose. When objeots seen in a dark field 
show structural details or well-defined contours 
we are dealing with simple dark - ground 
illumination. When, on the other hand, the 
field is seen to contain particles in which there 
is no trace of detail or evidence of structure, 
and which appear as mere points of light, the 
case is one of ultra-microscopic observation. 
It is obvious that both types of image may be 
seen at the same time ; the fundamental 
difference is therefore dependent on the size 

' Ahhc, ArcJiiv f. mikr. Anat., 1873, lx. 413; 
Journ. Roy. Micr. Society, June 1881, p. 388. 

“ Sieclendoff, Journ. Roy. Micr. Soc., 1903, p. 573 ; 
Ann. d. Rhys., 1903, pp. 1-39 ; Rerl. klin. Wchnschr., 
1904 : Zs. f. wiss. Mikros., 1907, p. 382 ; Faraday. 
Proc. Roy. Inst., 1854, p. 310. 
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of the object, whether it is above or below the 
roaohitioix limits, and on the distanoo between 
neighbouring visible units. It is in the 
direction of obtaining incretisod resolution 
that the greatest need is felt in praotieal 
microscopy. 

§ (2) Resolving Power. — It is well known 
that the smallest distaneo separating two 
points in an object — such as a grating-— is 
given by the relation 

sma 

whore X is the wave-length of the light used 
in the medium surrounding the objoot, and 
a is the angle subtended at any point in the 
objoot by half the olTootivo angular aperture 
of the objective.^ This is usually written 

gain a 

when Xq is the wave-length u\ air, and /a the 
refractive index of the luodium. It follows 
that the value of rf, the distance between any 
two olomcnts of recurring structure, is do- 
pendent on the wave-length of the light used 
and on the proiluct of p. sin n, which is known 
as the numerical aperture (N.A.) of the 
illuminating and observing optical system. 
This relation is a])plic!al)lo in the case of a 
grating illuminated by a beam of the greatest 
possible obliquity, onsuiing that the essential 
diffraction spectra are within the limits of 
the objective aperture. It is roduood to 

"" ^ sin a* 

when axial illumination is resorted to, a 
condition that ap]dios to most observational 
work. It is in this oonnootion important to 
remember the well-founded view of Abbe 
that “ the diffracted light emanating from 
the object may utilise the whole aperture of 
the eystora, althouglu the inoidont oono of 
light, if it were simply transmitted in the 
absence of an object, would flU only a very 
small portion of the aperture.” It follows 
that greater resolution can he obtained oitlier 
by reducing the wave-length of the light used 
as the illuminant or by increasing the N.A. 
of the objective, With dry lenses the greatest 
attainable N.A. is -95. This can be increased 
by using immersion lenses, the resulting N.A. 
in the case of water being approximately 
1'25, cedar-wood oil PSO, or raonobromido 
of naphthaline l-GO, the latter being used 
only in metallurgy, or in oases where flint 
cover-glasses of the necessary refractive index 

1 Ablip, Ahhancthm^en Hher die TheoHe ties Mikra- 
xl-om lOO-t; Tla.ylolKh, Lord, nil May., 1890, p. 467: 
Joum, Rofi. Micr. Son., 1008, p. 447j Porter, Pnmieal 
Review, 1006, p. 886 ; OlazoTirook, Tram, Opliml Roc., 
1007-1908, p, 04. 8ao also “Microscope, Optics of 
the,” Introduction. 


oan be utilised. The actual resolution, obtained 
with Avhito light with a moan wave-length of 
550 n/x, whem a grating is illuminated by 
oblique rays and with N.A. 1, is therefore 
about 92,000 lines per inch. The use of oblique 
light is necessary to obtain the utmost resolu- 
tion with such an ohjeot, as otherwise the 
diffraetion sjieetra ivliieh are essential to the 
formation of the image cannot bo ombraood 
by the objective. It has to be recognised 
that such an image is not of necessity a true 
representation of the object ; it is in most 
coses no more than an indication of the 
])eri()dicity of the structure. The so-called 
resolution of diatoms may he cited as an 
example, in which tlie struoturo may give 
rise to an imago consisting of parallel linos or 
bars. Such lines are known to he merely an 
indication of a regular sequence of depressions, 
perforations, or oxoresoenoos of the same 
periodicity, and this constitutes the only [loint 
of similarity between the object and the 
image. To obtain a real imago the objoot 
must bo illuminated with a solid axial oono 
of light, and under these onneUtions resolution 
falls to one-half of the value stated. It 
would therefore he of the order of 46,000 
linos iier inch in white light. Johnstone 
Stoney ® states that with an immersion 
objective of N.A. 1*35, and an immersion 
condenser of N.A, IdlO, using a suitable stop 
to secure oblique illumination in a direction 
at right angles to tlm dlreotion of tlio linos 
of tlxo grating and with blue light of 450 mm. 
wave-length, the i>ractioal limit of separation 
is about 0'20 g. Ho has also demonstrated that 
a pair of objects may be resolved when they 
are separated by about five-sixths of the 
interval between the elements of a row of 
suoli objects or points ; in other words, that 
resolution is increased appreciably when only 
two neighbouring elements of struoturo are 
being observed. The oomputation by Abbe ® 
of apochromatlo objectives has resulted in 
the produetion of systems for visual work 
with the highest attainable N.A., and in which 
spherical and ohromatio ooiToction are of a 
high order. Their qhiof oharactorlsfcio is that 
they are perfeotly corrected for throe colours 
in the spectrum, and approximately for all 
colours in white light. Their superiority 
over any aohromatio system is dependent on 
their computation and not on the use of any 
particular material, such as fluorite, in their 
construction, although this material has 
optical constants which are essential in the 
oomputation of such objectives, no suitable 
optical glass yet being available. By using 
light of short wave - lengtli in the speotro- 
soopio region of the green, blue-green, or hhio- 

* .Tohnstono Htonoy, Joum, Rou. Micr. Son., 1908, 
p. 664. 

“ Ahbo, Joum. Roy. Micr. Soc., 1870, p. 877. 
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violet, the greatest attainable visual resolution 
is secured. The most useful iUuminant for 
this purpose is the mercury-vapour lamp, as 
it is possible by using suitable colour screens 
to utilise the bright lines in the orange, green- 
blue, or violet. Even when used without a 
screen this iUuminant has the advantage 
possessed by no other, that the mean wave- 
length is reduced, as no red radiations enter 
into its composition. It is obvious that even 
under these conditions resolution is strictly 
limited. The only practical method of obtain- 
ing increased resolution that has been evolved 
since the researches of Abbe, with pro- 
portionately increased magnification, which 
constitutes a definite advance, is in the use 
of ultra-violet light, a method which opens 
up a wide field for investigation. The shortest 
wave-length that has sufficient luminosity in 
the visual spectrum for direct observation may 
be regarded as being in the region of wave- 
length 475 fjifi, but if it is possible to utilise 
ultra-violet radiations of a wave-length as 
short as 220 /a/x, resolution wiU, other 
things being eq^ual, thereby be doubled. 
There is the self-evident objection to such a 
method, that the image can no longer be a 
visual one, and, further, that the optical system 
must be composed of materials which are 
transparent to ultra-violet fight. 

§ (3) Quartz Optical Systems. — The 
transparency of any optical glass is not 
sufficient for work with the more refrangible 
portion of the spectrum, even a borosificate 
crown-glass transmits but a small percentage 
of fight of wave-length 300 /a/x. Schott of 
Jena has made optical glass particularly 
transparent to the ultra-violet fight, but at 
wave-length 280 jxfi a specimen 1 mm. thick 
only transmits 50 per cent of the incident 
fight, and with shorter wave-lengths it is 
practically opaque. The only materials avail- 


1860, while Boys in England, in or about 
1885, suggested the suitability of fused quartz 
for this purpose. It was not until 1900 that 
M. von Rohr ^ of Jena succeeded in construct- 
ing a quartz-fluorite objective of about 4 mm., 
equivalent focus N.A. 0-30. This may be 
regarded as experimental, as it was supplanted 
in 1904 by a series made entirely of fused 
quartz. These objectives were termed “ mono- 
chromats,” as they are computed for a wave- 
length of 275 fiix, although they can be used 
satisfactorily over a considerable range in the 
ultra-violet region, provided that the fight is 
monochromatic. The equivalent focal lengths 
are as follows ; 

6 mm. dry lens N.A. in white light 0'35. 

2-5 mm. glycerine immersion N.A. white liglit 0-85. 
!•? mm. glycerine immersion N.A. white light 1-25. 

The effective N.A. of these lenses when used 
with ultra-violet fight may be regarded as 
double the values indicated, being respectively 
0-70, 1-70, and 2-50, this being the approximate 
relation of the mean wave-length of white 
fight to that of ultra-violet (275 fijx). The 
immersion fluid is glycerine and water with a 
refractive index 1 '447/0. The immersion 
fluid must be sufficiently transparent to ultra- 
violet fight, and in this respect glycerine fulfils 
the purpose, but precautions must be taken 
in practice to ensure that its refractive index 
remains constant, a short exposure to atmo- 
spheric influence causing appreciable altera- 
tion. 

Eive oculars for projectmg the image on 
to the photographic plate have been computed, 
and these are made from crystalline quartz. 
Their initial magnifications are 5, 7, 10, 14, 
and 20 when used at a mechanical tube- 
length of 160 mm. The maximum magnifica- 
tions obtainable are set out in the following 
table : 


Objective. 

Eyepieces 

5 

7 

10 

14 

20 

6 mm. 

Optical camera length . 

30 cm. 

34 cm. 

30 cm. 

34 cm. 



Magnification 

260 

400 

600 

800 


2'5 mm. 

Optical camera length . 

30 cm. 

30 cm. 

31-6 cm. 

30 cm. 

31-5 cm. 

N.A. 1-70 

Magnification 

600 

800 

1200 

1600 

2400 

1'7 min. 

Optical camera length . 

31 cm. 

32 cm. 

31 cm. 

31 cm. 



Magnification 

900 

1300 

1800 

2500 



able therefore are quartz, either crystalline 
or fused, and fluorite. Fused quartz is 
rather less transparent than crystalline, but 
in carefully selected pieces which are free 
from impurities the difference for the purpose 
in view is not important. Fluorite was first 
used in the construction of microscope object- 
ives by Spencer in America as long ago as 


The term “ optical camera length ” is the 
distance of the sensitive plate from the upper 
focal point of the microscope, this being for 
all practical purposes the cap of the eyepiece. 
The substage condenser is of quartz and is 
made with two interchangeable top lenses, 

' Kohler and von Rohr, Zeitschrift f. Instrumen., 
1904. 
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so that tho illuminating beam may be of 
such N.A. as is dosirahlo with each objective. 



Tho use of oj)tio.ally worked slides and 
oovor-glassos of deliuito and eonstaut thiok- 
noss is e.saential, as otherwise the didieulty 
of adjusting tho apparatus would be greatly 
inoroaaed. Ju 
visual work the 
adjustment of 
tube-length to 
correct for spheri- 
cal aberration 
introduced by 
cover - glasses of 
varying thickness 
is essential, but 
this would be a 
matter of con- 
siderable difflculty 



Fia. lA.—Hlicwliig tlio wluilo Aiiiiaratim In Action. 


I'lQ. J. — jyil(!roscoiio and (Jamora ready 
for Photographing. 

A, Kluorosc.out aoarchor oyepieeo. b, Fluorescent 
uranium glass disc. U, lUght-angled quarte prism. 

Without either top lens tho condenser is a 
dry one suitable for use with tho 6 mm. 
objective. The oomploto oon- 
donaer is used with tho im- 
mersion lenses, and is itself 
also immersed with glycorino. 

An iris diaphragm is provided 
as in all substago illuminators. 

The illuminating beam is do- 
fleoted in the direction of tho 
optic axis of tho raicroaoopo 
by moans of a right-angled 
quartz prism which replaces tho 
mirror on an ordinary mioroscopo. 

Tho essential parts on the mioro- 
scopo are therefore the same as for 
visual work, except that they are all 
of quartz. 

I'iffs. 1, lA, and 2 show tho mioro- 
scopo and camera and tho arrange- 
ments for illuminating tho objoot 
respectively. 

§ (4) OnJiaoTS. — Tho objoot to bo 
photographed must bo mounted on 
a quartz slide and covered with a 
quartz cover-glass. Tho object-slides are of 
crystalline quartz, ground at right angles 
to the optical axis, and are 0*5 mm. thick. 


when using ultra-violet light. For the 
same reason it is essential tliat the object 
should be immersed in as thin a layer of 
mounting medium as possible, otherwise tho 
edoot on tho porformanoo of the objective is 
tho same as that resulting from tho uso of a 
thicker cover-glass. 

Tho objoot, or element of 
structure under examination, 
must in fact ho nearly, if not 
quite, in contact with tho 
under surfaoo of tho cover- 
glass. There are certain limi- 
tations as to tho typo of tlio 
object that can ho dealt with 
by this motliod — limitations 
which arc determined in largo 
part by tho transparonoy of 
the objcH'.t to ultra - violet 
light. Tho term “ trans- 
parency” used in this sense 
is a relative one, as many 
substances that in thicker 
lajmrs arc completely opaque 
become very translucent when 
in thin miorosoopio layers. 
Some micro - organisms, for 
instance, wliich in tho direc- 
tion of their breadth are 
beyond tl>o limits of micro- 
scopic resolution, have ontir<>ly balllod all 
efforts to pliotograph them by means of 
ultra - violet light. The radiations pass 
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completely through, and no imago is formed 
on the photograi)hic plate. This, how- 
ever, is probably a question of wave-length. 
Riadiations of shorter wave-length, when 
they can be utilised for the purpose, will 
probably do all that is required, and these 
very small organisms can then be dealt with. 
The objects best suited for this method are 
bacteria, yeasts, or any cellular structure 
which can be observed as separate units or 
in thm layers. Apart from the difference 
obtained in the imago as the result of differ- 
ences of thickness, there is a differeirtiation 
of structure due to differences of organic 
constitution' which is shown in the I'csulting 
photograph. Spore - forming organisms, for 
instance, result in a somewliat striking 
picture ; the organism itself may be somewhat 
translucent, but the spores are almost in- 
variably quite ox)aquo to ultra - violet light, 
although they are of similar dimensions. The 
same applies to granular contents in yeast 
colls and other cellular structures of a similar 
character. 

The method therefore acts as a staining 
reaction without the necessity of carrying 
out any j)roccsse3 which might result in 
alteration in the appearance of the structural 
elements. Objects must in all cases be un- 
stained. They must not bo treated by any 
of the well-known methods used in bacterio- 
logy or cytology, in which fixation, hardening, 
or drying takes place. Those processes i)rob- 
ably cause some change in organic, tissues, 
and in most cases they result, in the method 
under discussion, in the tissues becoming 
opaque to the radiations used. It is obvious 
thcj’cforo that the results are a reimesentation 
of the tissues or micro-organisin under actual 
living conditions. 

In practice the preparation of the object 
presents no difficulty. The only point is that 
it must l.)c mounted between its cover-glass 
and slide in some fluid which is transparent 
to ultra-violet light. Such fluids are not 
numerous ; but distilled water, glycerine, or 
glycerine and water, Ringer’s solution, normal 
saline, or castor-oil arc among the substances 
available. To inhibit motion in living organ- 
isms a ^ per cent solution of agar may bo 
used, or a dilute solution of gelatine. This 
procedure is, however, to bo avoided if 
possible, and it is preferable to rely on thin 
layers of material so that motion is in- 
hihited by the short distance, and consequent 
small free path, between slide and cover-glass. 
The ordinary nutritive media, as used by 
bacteriologists, are in some cases suitable, 
but they may be diluted to about one-fifth 
or one-sixth their ordinary strength. Sections 
may bo passed from xylol to vaselino oil or 
castor-oil, but it is necessary to soo that the 
xylol is completely removed, a,s thgt spb- 
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stance is opaque. In general, scruxmlous 
cleanliness is essential, as otherwise the dust 
particles which occur in nearly all prepara- 
tions become all too evident. The quartz 
slides and cover-glasses must be boiled in 
bichromate of potash and sulphuric acid to 
ensure perfect cleanliness, and should then 
be heated in a Bunsen flame before they are 
put into use. 

§ (5) Light Sources. — The source of light 
is a high-tension spark discharge between 
metalhc electrodes, usually magnesium or 
cadmium. The necessary characteristics of 
the light are, that it should emit ultra-violet 
radiations in sufficient quantity, and that its 
spectrum should mainly consist of a few 
intense bright Ihies, or groups of lines. Tho 
lines must not be too close together, so that 
any individual line may be isolated by spectro- 
scopic methods, and utilised as the source of 
light. 

Pew metals conform to the necessary condi- 
tions. Iron, for instance, is quite imsuitahlo, 
although it emits ultra-violet rays freely ; 
hut the large number of lines in its siiectrum, 
and their closeness together, make it im- 
possible to utilise it. Cadmium and magne- 
sium are the most suitable, their spectra 
consisting of a few intense well - separated 
lines. Recent experiments indicate that silver 
and beryllium may prove of value where 
intervening wave-lengths are required. The 
length of spark required is about 5 mm., but 
it must be what is usually referred to as a 
“ fat ” type of spark of high intrinsic brilliancy. 
It appears that there is »■ definite limit to tho 
amount of energy that can ho used in this 
direction. Tho conditions are com])arahlo to 
that of an arc, in which increase of current 
results in a greater volume of light f)wing to 
tho increased size of the luminous crater, but 
does not materially alter the intrinsic brilliancy. 
Tho coil used is therefore one that gives a 
heavy discharge at a relatively low voltage. 
An oil-immersed condenser, which has been 
found supei’ior to a Leyden jar, is connected 
in parallel with tho spark, with the result 
that a rapidly alternating discharge takes 
place between the metal points. Either an 
electrolytic or a mercury break may he used 
as an interrupter ; but it has been found in 
practice that the latter gives better results, 
as it runs for a long period with greater 
regularity. 

§ (0) Methods oe Observation. — Tho 
spectroscopic arrangements for projecting the 
necessary monochromatic light into tho micro- 
scope follow the lines in general of an ordinary 
spectroscope, with the exception that there 
is no slit. In front of the sparlc, and at a 
suitable distance from it, a quartz lens of 
about 18 cm. focal length is placed, so that 
an, image of the spark is projected at the 
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plane of the iris diaphragm in the microscope 
suhstage. A pair of crystalline quartz prisma 
of opposite rotation are arranged so that the 
light is decomposed, and are set at minimum 
deviation for the particular wave-length it is 
desired to use. The light passes from the 
prisms to the right-angled quartz reflecting 
prism underneath the microscope, and is, by 
means of that prism, deflected in the direction 
of the optic axis of the instrument. In the 
plane of the iris diaphragm on the microscope 
a disc of uranium glass, on which is engraved 
a small circle, is placed. A fluorescent image 
of the spark can be observed within this 
circle, and must be sharply focussed and 
accurately centred so that the ultra-violet 
rays pass into the substage condenser when 
the uranium glass is removed. When this is 
secured, the first condition essential for satis- 
factory adjustment is satisfied. 

The accurate focussing of the image is the 
most difficult part of the process, and until 
considerable experience has been gained cannot 
be performed with certainty. There are two 
methods available : in one, reliance is placed 
on the fluorescent screen already described, 
but it must be admitted that this is uncertain. 
The difficulty is increased when lines in the 
spectrum are being used which are not of 
great brilliancy ; and, in any case, the 
appearance of the image varies with each 
object. 

The object must be examined beforehand 
by visible light, so that its appearance under 
these circumstances is known ; then small 
elements of structure that are fairly easily 
seen must be selected for focussing purposes. 
If these are in the same plane as unknown 
structural elements the result is satisfactory, 
but the element of chance is too great for 
the process to be regarded as a reliable 
one. 

In the second method the image is observed 
by means of a quartz objective and ocular, 
the illuminant being one of the lines, either 
in the region of the blue or the violet, emitted 
by a mercury vapour lamp. Thus by using 
suitable screens, which are commercially 
obtainable, any desired wave-length is trans- 
mitted and the image at once observed and 
accurately focussed on any desired plane. 
The illumination is then changed to the 
particular ultra-violet line that it is proposed 
to use for photographic purposes. Either by 
calculation or by trial and error, the difference 
between the focal planes -of the wave-length 
which is used for observation and that which 
is to be used for photographing is determined. 
The fine adjustment of the microscope is 
then moved by this predetermined amount, 
and the photograph at once taken. In 
practice it is found that this method is quite 
satisfactory and yields almost invariably good 


results. Its accuracy is mainly dependent on 
the mechanical perfection of the We adjust- 
ment on the microscope, but the abihty of 
the observer to focus an object flluminated 
by light of short wave-length is also a factor. 
It is found advisable to use a dark slide of 
repeating type, so that three photographs can 
bo taken successively on one plate without 
any readjustment of the apparatus. A 
slight adjustment of the microscope fine 
adjustment above and below the required 
focus is then made for each photograph, so 
that, if there is any sUght lack of adjustment, 
either one or the other of the photographs 
will be satisfactory. The photographic plates • 
used must be of fine grain and with the 
smallest possible quantity of gelatine on its 
surface. Experiments have been made with 
plates of the Schumann type, that is, as used 
for photographing the far ultra-violet ; but 
they have not proved so satisfactory as a 
slow photographic plate with a minimum of 
gelatine and' the maximum quantity of silver 
that the gelatine will hold. Development is 
carried out to obtain the greatest amount of 
contrast, and a developer used which will 
give as fine a grain as possible. No printing 
process does full justice to the negatives, as 
the images are of necessity somewhat thin 
and the elements of structure often result in 
but small differences of density. To fully 
appreciate the advantage of the method the 
original negatives must be seen. 

It has to be admitted that the whole process 
is one of considerable difficulty ; it involves 
considerable acquaintance with spectroscopic 
methods as well as those incidental to ordinary 
microscopy. At the same time the results 
that have been secured are an advance on 
anything that can be done by any other 
method. In the present state of knowledge 
there is no indication of any optical improve- 
ment being effected which will be a substantial 
advance in microscopic method, but if radia- 
tions of sufficiently short wave-length can be 
utilised, it is difficult to see what limits can 
be placed on the microscope. The illustra- 
tions chosen are of simple, well-known objects, 
so that the differences in appearance can be 
appreciated. Figs. 3, 5, and 7 are photo- 
graphs of living organisms illuminated under 
the best possible conditions by means of a 
dark-ground illuminator. Figs. 4, 6, and 8 
are the same organisms photographed in 
ultra-'violet light. In each case there is a 
suggestion of structure in the dark-ground 
image, but there is no comparison when careful 
examination is made between the two images. 
On theoretical as well as practical grounds 
the dark -ground method is useful enough for 
the observation of somewhat gross structures, 
but it utterly fails when re^olutjon of a high 
I order is needed. 
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jrio. 3 . — SaccMromyces Pastorianus. x 2000. 


Fio. 4. — S. Pastorianus. 


Fig. 5 . — Bacillus anthracis. x 2000, 


Fig. 0. — B. anthracis. x 2000. 


Fig. 8. — JS. megatherium, x 1 750. 


Fig. 7.— Bacillus megatherium, x 1750. 
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§ (7) VtsuAii Mktiiods. — An a mmua of 
inicfoacoi)o rosoarcli, tho method ho far de- 
scribo<l suffers from the diaadvanta^^e that it 
ia ])urely a photographic process. 'Uho visual 
imago obtained upon the fluorosceut observing 
screen, wliieh is used for tlie halation of the 
imago and approximate fneuasing, affonls no 
indication of tho ultimate value of the rosults. 
There is only one method by which a visual 
image can l)e obtained, which ia indicative 
of structure, and tiuit is by observing tho 
(luoreH('.ence that occurs in certain animal 
tissues and other subatancies when they are 
illuminated by moans of ultra-violet light. 
It is Avoll known that flunrosceneo is brought 
about principally by the ultra-violet rays ; 
tho rays of the visible spootrum being mucdi 
loss active. Tho microseo])ie observation of 
tho fluorescionco of animal and vogctabh^ 
tissues differs in prantioo from tlmt hitherto 
described. T’liero are tw(J soureos of liglit 
available, (ubher an eleotrio arc or a <iuart« 
mercury vapour lam|). Tho eleotrio are is 
preferable, and can be used either witli 
ordinary carbons or witii one <)r I)otii carbons 
])rovided with a c<^r(^ of copper, iron, or nickel, 
darljons impregnated witli carbonate of iron 
also form a satisfaidory light houpco, as tlu' 
r('.snlting radiations consist in large [lart of 
liglit in the idtra-viok't region. The neecssity 
for a Hiieotroscopio arraugetneiit to decompose 
the light does not arise, as the particular 
wave-length of t!ic radiations emiiloycd is 
not of moment. In addition, the loss of 
light resulting from tho use of a pair of quart'/, 
prisms to isolate the ultra-violet region of tho 
H|)oetnim is so great as to render tlio observa- 
tion of some Iluorcscont images dillieult, if 
not impossible. Tho fluorosaonoo that occurs 
is cliaraoteristio of tlio flutiresoing body, and 
is praotioally independent of tho wave-length 
of tho exciting light. It follows therefore 
that, if ultra-vioh^t only can bo used as an 
illuininant and all visible light excluded, a 
satisfactory light source is at once obtained. 
This isolation of tho ultra-violet portion of 
tlio spectrum was not practicable until R. W. 
Wood of Baltimore ^ found tliat nitroHodi- 
mothylaniline in aquotms solution of one in 
live thousand to ton thousand would transmit 
a oonsidorahio portion of the ultra-violet 
spootrum while cutting out part of the visible 
spectrum. A quartz or uviol glass cell can 
therefore bo filled with this solution of a 
thioknoss of about 1 ein., and this acts as an 
absorbing seroen.® In addition, a piece of 
blue uviol glass, together with a ooll containing 
a 20 per cent solution of copper sulphate, is 
used. The purpose of tho Sulphate of copper 
is to cut out the extreme red, which is othor- 

‘ Wood, ’Phil. MtHh, I non, vl. 257. 

” bclitiuimi, “ A (‘’iH.cr for (Iltra-Vlolot Hays, ami 
its Uh{',.s,” VrrhnnUt, d. DniLsrfiPii Phu»\k, (Ifwllnrhitfl. 
ID 10, JSfo, 21 ; PJlilam Archiv J, Physiologie, cxIU, 


wise transmitted, and it also absorbs in visible 
heat waves. A quartz Icms of suitable focal 
length is placed in front of the arc, so that a 
parallel beam is iirojectod on to a right- 
angled prism of quartz which takes tho place 
of the ordinary mirror on the microscope. A 
quartz coiulonser similar to that used in tho 
case of ultra-violet light i>liotography is placed 
in the suhstage. Tlu' ohjead itsedf, Avhieli must 
be in thin seedion, is mounted on a quartz slide 
in any suitable fluid ^yhieh is transparent 
to ultra-violet light ; but it may bo covered 
with an ordinary cover-glass, as tl'io lluorcscent 
liglit einitled by the ohjeot is in the region 
of tho visible siieetrum. The only precaution 
neca'Hsary is to asoertain that tho partieular 
glass used does not itself fluoresce. Rociontly 
Messrs. ( 'banco Brothel's have introdueod a now 
kind of glass whieli is transparent to ultra- 
violet liglit vvliile iriuismitling hut little visible 
light. If used in. eonjimction M'ith a 8ul])hato 
of copper sereen, as already desoi'ibcd, it 
forms a viwy enieieut means of obtaining 
ultra-violet light, the region transmitteil being 
between ami 400 mieroiuillimetres vvavo- 
leiigUiH. The efToets ohtauieil when unstained 
mieroscopie objects arc ilhimitiaictl in this 
way are very beautiful, and in many oases a 
range of colour is produced which oxtoiids 
over a considerable portion of tho visible 
spc'ctnun. In view of tlio subtle (lifTerencos 
of tint that oceur In the {lunreseeut imago, 
tho value of the result is largely {Icqiondont 
iqion the power of the observer to dotoot 
oolour differeiuu'H ; tho colour senHltiveness of 
the eye is ia faet the determining factor. As 
all solid bodies which fluoresce in iiltm-violot 
light also have a definite phosphoreseeut 
period, It ia probable that an application of 
llecquerel’s phosplioroscope miglit be found 
to he of eonsiderahle value in tliese ohaorva- 
tiouH. 'I’isHues are Iiest olmorved in as fresh 
a condition oa possible, and seetions are 
preferably out frozen to avoid the necessity 
of employing embedding [iroeesaes, which may 
cause strucUiral changes. The section itsoif 
must 1)0 thin, heoausc if tlierc are siqierimposod 
Clemente of structure the underlying ones 
whloh fluoreaee cause a eonsidorable amount 
of liglit diffusion. All animal cells and 
tissues, except tliose which arc pigmented, 
have tho power of fluoreaeing in ultra-violet 
light, Haemoglobin, or ite derivatives, does 
not fluorosoe. Tho following are a few 
typical examples of tho ooltmrs whieh cer- 
tain animal tissues exhibit os tho result of 
fluoroseemco i 

Unpigmonted hair : Intense light yellow. 
Pigmented hair, such as black : no fluorosconco. 

(Skill : intense) light lilue, the blood-vessels 
ajifiearing dark and non-lluorescent. 

Teeth : intenso white, soraewhat bluish in 
tint. 
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Mucous membrane of small intestine : light 
green. 

Spleen : dark brown. 

Liver ; dark brown, somewhat greenish. 

Kidney ; dark yellow green. 

Section of lung : dark broAvn, somewhat 
greenish ; transverse sections of the larger 
vessels of bronchi fluoresce light blue. 

Aorta : intense light yellow. 

Muscles ; intense light green. 

Fat : light green. 

Bones : light blue. 

Cornea and lens of the eye : intense light 

J. E. B. 
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Millilambert : one - thousandth pai’t of a 
Lambert {q.v.). It is a unit of Ixrightness 
equal to IO/tt candles ixcr square metre — i.e. 
to 0-92 equivalent foot-candles. See “ Photo- 
metry and Illumination,” § (2). 

Milliphot : one-thousandth part of a phot 
{q.v.), and therefore equal to 10 lux or 
0-92 foot-candles. Sec “ Photometry and 
Illumination,” § (2). 

Mine Gases, Deteotion oe, by Beats. See 
“ Sound,” § (53) (ii.). 

Mirbors, Hale-silvered. See “ Silvered 
Mirrors and Silvering,” § (5). 

Mixture Curves : the curves showing the 
proportion of the three primaries of a 
trichromatic colorimeter required to re- 
produce the colours of the spectrum. Sec 
“ Eye,” § (10). 

Modulation : a term used in music to 
denote change of key or mode in the 
course of a piece of music. Sec “ Sound,” 

§( 4 ). 

Monochromatio Illuminator : an instru- 
ment for separating the constituents of a 
white or com])lox light and illuminating an 
objoct with light of one wave-length only. 
See “ Spoctroscoixes and Rofractomotors,” 
§ ( 21 ). 

Moseley’s Law oe Atomic Structure. The 
positive charge on the nucleus of an atom 
is N units, where N is the atomic number, 
i.e. the sequence number of the element in 
the periodic table, and there are N electrons, 
each of unit negative charge, surrounding 
it, to counterbalance the nucleus and form 
the atom. See " Crystallography,” § (20). 

Motor Car Headlights, Photometry oe. 
See " Photometry and Illumination,” § (113). 
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Nakamura’s Polabimeter. See “ Polari- 
metry,” § (11) (ii.). 

Nautical Astronomy. See “ Navigation and 
Navigational Instruments,” § (18). 


NAVIGATION AND NAVIGATIONAL 
INSTRUMENTS 

I. Introduction 

§ (1) Methods employed. — The principal 
demand that the navigator of a ship makes 
ujjon physical science is for instruments that 
will enable him to determine his j)osition upon 
the surface of the earth, and for instruments 
that will enable him to determine the direction 
in wliich Jiis ship is moving. 

Until a recent date methods of navigation 
could be classified either under the heading 
of “ dead reolvoning ” or else of nautical 
astronomy. In addition, methods of deter- 
mining position from the bearings of recognis- 
able landmarks, and of identification of position 
from a series of soundings, occupy a subsidiary 
place in the science of navigation. Recently 
an entirely new method of position fixing has 
been developed, namely directional wireless 
telograiihy, a method which has such great 
possibilities that it is conceivable that in 
time it will entirely displace astronomical 
methods. 

§ (2) Leading Marks. — ^The simplest of all 
methods of position fixing is by leading marks 
when in sight of a coast. A shoal can be 
marked and avoided by beacons set up on 
shore or by natural landmarks noted as being 
in Kno when just clear of the danger. By 
watching the relative changes of bearing of 
these marks the navigator keeps his ship in 
safe waters. An extension of this method 
(which requires the use of four shore objects) 
is to utilise three only and the angles they 
subtend at the ship. If three points. A, B, 
and C, can be identified on the chart and if the 
angular distance from A to B is a and the 
distance from B to C is jS there is a imique 
position determined by the point of intersection 
of two circles. The instruments required for 
such position fixing are a sextant to measure 
the two angles a and |3 and, to avoid the 
trouble of geometrical construction, a station 
pointer tp lay off the position on the chart. 

Another method is to take the bearings of 
two known objects by means of the azimuth 
compass. Lines of bearing in the reversed 
directions from those observed are then drawn 
through the objects upon the chart and their 
point of intersection gives the position of the 
ship. With one object only the fix can only 


be made by taldng two bearings at different 
times and laying down upon the chart the 
“ run ” of the ship in the interval. For such 
a fix the navigator must have means of 
determining the direction and speed of the 
slfip through the water, and these data, com- 
bined with the observed leeway and the set 
and drift of the tides as given by tide tables, 
enable him to complete the fixing of his 
position. Speed is measured by log line, 
which in its primitive form was simply a log 
of wood dropped over the stem and hne paid 
out as fast as it would run, speed being 
measured by the number of knots of the fine 
that ran out in a specified time, usually 
fourteen or twenty-eight seconds. The modern 
form of log indicates continuously the distance 
a ship has run. For rough purposes the 
rapidity of revolution of the propeller is also a 
measure of the speed, 

§ (3) Astronomical Methods.— Such 
methods as have been described above are 
applicable only when the ship is in sight of 
land. For cross-seas navigation the position 
is known provided the course, i.e. the direction, 
and speed are continuously and accurately 
known. But an error in the determination 
of the course or an error in the estimation 
of the speed will have a cumulative effect 
upon the ship’s position, so that it is clear 
that dead-reckoning methods cannot be rehed 
on to give accurate information to the 
navigator for any length of time. Besides the 
inaccuracies of the log and the inaccuracies 
of steering or of the compass itself, there are 
also unknown effects from wind and from ocean 
currents. From time to time, therefore, it 
becomes necessary to have recourse to 
astronomical methods in order to fix the 
position and so obtain a new and accurate 
point of departure from which a new dead 
reckoning can be made. Ordinarily the 
navigator likes to have an astronomical fix 
at least once a day ; in a ship running at high 
speed sights are taken more often still when 
the weather permits. With an overcast sky 
nothing, until the advent of directional wire- 
less telegraphy, was available to the navigator 
hut dead-reckoning methods. 

Every astronomical observation for position 
is a measurement of the angular altitude of a 
heavenly body above the horizon at a noted 
time. The altitude is measured by a sextant 
and the time obtained from a chronometer 
whose error on Greenwich Mean Time is 
known with sufficient accuracy. Formerly 
this error used to he obtained from the known 
error when the ship was last in port, and from 
the rate determined from a previous error. 
Nowadays a ship with wireless can obtain 
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the error of her chronometers by time signal 
in almost all parts of the world. 

§ (4) The Sumner Line. — A sight having 
been taken, the observed altitude and time 
give the navigator a means of drawing upon 
his chart a certain lino of position or “ Sumner 
Line.” The position of this line can be realised 
from Fig. 1. Let X be the subsolar (substellar 



or sublunar) point, that is, the one point 
upon the earth’s surface at which the sun’s 
centre is at the zenith at the time the sight 
is taken. The earth being treated as spherical, 
the subsolar point is that place at which a line 
drawn from the earth’s centre to the sun’s 
centre will cut the earth’s surface. Such a 
line being a radius of the earth is a vertical 
line at this point, and the sun, at that point 
and at that time, has an altitude of 90° above 
the horizon. The latitude, XD, of the subsolar 
point is the sun’s declination and the longitude, 
GD, is the Greenwich apparent time convei-ted 
into angle. For the case of a star the latitude 
is the declination and the longitude the star’s 
Greenwich hour angle at the time. 

If a circle of GO sea miles radius be described 
round the subsolar point, its circumference 
contains all those points on the surface of the 
earth whose verticals are inclined at an angle 
of one degree ivith the vertical of .X. Hence 
at the instant in question this circle is the locus 
of all points for which the altitude of the 
sun is 89°. If the circle has 120 sea miles 
radius it becomes the locus of points for 
which the altitude is 88° and so on. The 
curves of constant altitude are in fact a series 
of small circles drawn round the subsolar 
point as pole and spaced in exactly the same 
way as the parallels of latitude round the pole 
of the earth. The deductions that can there- 
fore be made from an ordinary navigational 
“ sight ” are simply that the ship’s position 
is somewhere on a certain small circle that 
can be drawn, if need bo, for its pole and its 
radius are known. 

.As the navigator always knoAvs the position 
of his ship Avith approximate accuracy, he is 
concerned Avith a small portion only of this 


small circle, namely that part of its circum- 
ference Avhieh is in the neighbourhood of his 
dead-reckoning position. For such length of 
the circumference as he usually has to consider 
it is sufficient for him to treat the curve when 
projected on to the Mercator chart as being 
straight, and such a line is called a position 
line or Sumner line, after Captain Sumner, an 
American merchant -service captain who first 
called attention to the use of them. 

The methods by Avhich the position of the 
Sumner line can be determined are various, 
but the method of false positions devised by 
Marc St. Hilaire is the one noAV most commonly 
practised. A position is adopted which is 
known to be not far different from the ship’s 
actual position, and the altitude of the sun or 
other heavenly body is calculated for that spot 
and for the instant at which the sight was actu- 
ally taken. A comparison is made between this 
calculated altitude aftd that measured by the 
sextant, and the difference between the two, 
measured in minutes of arc, re-iiresents the 
distance, measured in sea miles, separating 
the assumed position from the Sumner line. 
If the observed altitude is the greater, then 
the Sumner line is nearer to the siihsolar 
point than the assumed position and vice 
versa. The Sumner line is always draim at 
right angles to the true bearing or azimuth 
of the heavenly body observed, so that the 
distance of the assumed position from the 
Sumner line is always measured in the direction 
of the true bearing. 

§ (5) SoEECES OP Error. Repraction. — As 
in all instruments for precise measurement, 
one of the main considerations in the design 
is the errors that are likely to arise and to be 
present in the measured values. The effect 
of an error in the measurement is very apparent, 
as each minute of error moves the Sumner line 
one sea mile parallel to itself. The accuracy 
with which the position lino can be laid doim 
upon the chart is precisely the accuracy 
(apart from errors of dravring) Avith which 
the sun’s altitude can be measured. Errors 
enter into the final result either from errors 
of the sextant or inaccuracies due to external 
causes, of wliioh the only one which needs 
consideration is the variable atmospheric 
refraction.’- This will affect both the position 
of the sun in the slcy and the apparent position 
of the horizon, and it is obvious that the latter 
will be the more displaced of the two. The 
depression of the visible horizon in minutes 
of arc, if the atmosphere had no refractive 
effect, is 1 -063 Jh, where h is the height of the 
observer’s eye in feet. Atmospheric refraction 
reduces this amount by approximately 8 per 
cent, and the tables for rlip, as the depression 
of the horizon is also called, are calculated 

1 1 See “ Trigonometrical Heights,” etc., Vol. III. 
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from the formula 0-98 \/7i. For abnormal 
states of the barometer and temperature 
correcting tables are given, and in the majority 
of cases the rcsxilts are sufficiently close for 
the ship’s navigator. Circumstances may, 
however, arise in which these dip tables are 
widely erroneous. The most likely conditions 
for error are a calm clear day with a warm air 
and a colder sea. There will then be an 
inversion of temperature in the lower layers 
of the atmosphere, and the refraction factor 
in the dip being based on the supposition 
that the atmosphere is in a state of eqrrilibrium 
in which the temperature falls uniformly at 
the rate of 1° C. per 600 feet is in these 
circumstances quite false. In special cases 
errors in the dip tables have been known to 
be so great that the sea horizon is refracted 
above the true liorizontal and the sea as 
seen from the deck of the ship appears saucer 
shaped. En-ors of four or five minutes under 
the conditions quoted above appear to be 
common ; several reliable reports have been 
made of the dip being as much as twenty 
minutes in error. 

When, as in cable laying or in marine 
surveyiTig, accurate position fixing is needed, 
it is customary to combat errors of refraction 
by taking sights in a series of azimuths and 
determining the jjosition from the Sumner 
lines so obtained. Sometimes subsidiary in- 
struments are used to measure the dip at the 
time of the observation. These are described 
later. 

Errors in refraction do not affect the 
heavenly body observed to the same extent 
unless its altitude is very low. Usually if the 
altitude is not leas than 20° any inversion of 
temperature in the lower levels of the atmo- 
sphere will hardly affect the apparent position 
of the body in the sky, and the tabulated 
values of the refraction in altitude will be good 
enough. 

§ (G) Otiiku Sotjroes of Ebrok. — Other 
errors which affect the accuracy of the 
position line are those of the sextant itself, 
namely tire first order zero error and the 
second order perpendicular error, side error, 
and oollimation error. These are explained 
in the description of the sextant. 

The possibility of the navigators being able 
to talce any sights at all depends upon the sea 
horizon being visible. Frequently it is 
obscured by low-lying banks of mist. At 
night-time it is always difficult to distinguish 
it except in bright moonlight. When a 
telescope is used with the sextant the difficulty 
is greater still. Only a portion of the exit 
pupil of the telescope is occupied by light 
from the horizon, and there is always loss by 
internal reflection at the various glass air 
surfaces of the telescope. Taking both these 
into consideration, it is found that the intrinsic 


brightness of the horizon is less than half when 
viewed through the telescope of what it is 
when viewed by the unobstructed naked eye. 
Through such reasons as these it has become a 
very common practice of navigators to limit 
their star observations to morning and evening 
twihght during the half-hour or so when the 
horizon is still reasonably clear and the brighter 
stars can be picked up without difficulty. One 
direction in which many attempts to solve 
those difficulties of the navigator have been 
made ,is the provision of something which 
will replace the sea horizon as a basis of 
measurement of altitude. All these attempts 
have been made with the idea of providing 
some sort of level or vertical controlled by 
gravity. The reason for their failure is 
referred to in the description of the sextant. 

§ (7) Fixing Position. — From what has 
been stated it will be seen that observations 
of two heavenly bodies, or two observa- 
tions of the same body separated by a 
distinct lapse of time, are necessary for 
the determination of a fix. During the day- 
time the second course has to he adopted. It 
is true that occasionally the moon can be 
used, but for some reason, possibly because 
the corrections are troublesome, few navigators 
make use of it. The planet Venus, when at 
her greatest distance from the sun, can also 
be used at times, but it needs a very skilled 
navigator to pick the star up in broad daylight 
and to measure her altitude. 

Attempts have also been made to obtain 
a bearing of the sun with sufficient accuracy 
to enable the position of the ship on the 
Sumner circle to be identified. If the bearing 
can be taken with the certainty that the error 
does not exceed a quarter of a degree, then the 
ship’s position on the Sumner circle can be 
limited to a length of a few miles, the amount 
depending upon the altitude. But it is diffi- 
cult to get a magnetic or gyro compass to 
maintain such accuracy, and the error cannot 
be measured to that precision at sea except 
by Polaris, the only star whose hearing can 
be sufficiently accurately calculated when the 
ship’s position is only roughly known. 

Another direction in which improved aids 
to navigation are likely to be forthcoming 
is from the extensive experiments in sound 
ranging that have been carried out in the 
recent war. These experiments have covered 
a very wide field and have achieved many 
valuable successes. Among these may he 
instanced directional hydrophones, by means 
of which distant submarine signals can be 
located in direction at ranges up to fifty miles. 
For approaching a coast in foggy weather the 
peace time uses of such devices are obvious. 
Again, the experience of war has shown that 
it is possible, by exploding a charge under 
water, to time the echo reflected hack from 
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of tlio fourth century. Possibly it antedates 
the Christian era. Unquestionably it remained 
a verj' crude instrument indeed until the 
fourteenth century, when the Neapolitan 
Elavio Gioia made very considerable improve- 
ments in it, but even then it was so very 
apj)roximato in its indication of the nortli 
point that it was always believed to indicate 
the true north, and it was not until 1555, when 
Martin Cortez of Seville published a book on 
navigation, that any mention is made of 
magnetic variation. Twenty years later mag- 
netic dip was discovered by Norman, and from 
data su])pliod by seamen curves of magnetic 
variation and dip wore gradually constructed. 
Towards the end of the seventeenth century 
dilToroncos in the variation as supplied by 
different ships began to bo manifest. Denis 
in 1006, and Dampior in 1091, instanced 
anomalies of a similar kind, and Wales, who 
was astronomer to Cook’s oxj)odition to the 
South Seas, first assorted that the direction 
of the shii)’s head affected the compass. 
In 1794 Mr. Downio, master of H.M.S. Olory, 
t)bHorvod that “ the quantity and vicinity of 
iron in most ships has an effect in attracting 
the noodle.” In 18U1 Captain Flinders, wlioso 
namo is still preserved in connection with the 
“ Flinders bar,” found that a change in the 
position of the binnacle affected the compass, 
and aa a result of his representations to the 
Admiralty a series of o-xperimonta was made 
at Shoorness on several of H.M. ships, but 
the soupo of the work was too limited to 
permit of really general doduetions being 
drawn. Professor .Barlow, after an oxtoasivo 
course of experiments, proposed in 1819 to 
counteract the effect of largo masses of iron 
used in the construction of the ship by a 
circular plate suitably placed in proximity 
to the compass, and in 1886 Captain Johnson, 
the Admiralty Superintendent of Compasses, 
found during an investigation into tho 
applicability of Barlow’s plate to the oompasscs 
of tho iron ship Oarryawm, that the ship 
herself was permanently magnetio and that 
tho plate failed to correct tho resulting 
oompass error. As a result of Johnson’s 
experiments tho Admiralty commissioned 
Airy, then Astronomer-Royal, to make further 
experiments on board tho iron vessels Rainbow 
and Ironsides, and his oonclusions from these 
experiments wore that the permanent 
magnetism of tho ship could bo counteracted 
by tho location near tho compass of suitably 
placed permanent magnets. 

While those investigations wore being made 
in England, Poisson was also engaged in 
similar work in Franco. His work, which 
was of a more academic character, was 
presented to the Academic des Sciences in 
1824. This celebrated memoir on tho Tlioory 
of Magnetism is generally recognised as 


fonning the foundation of tho Theory of the 
Deviations of tho Compass. In 1838 he 
contributed a second memoir in which, 
although recognising tho possibility of per- 
manent magnetism being present, lie yet pre- 
sumed that it was of very small amount, and 
omitted it in his solutions. 

Unlike Poisson, Airy started witli tho 
recognised necessity of dealing with tho 
permanent magnetism, but tho cloductions ho 
made from the Ironsides experiments wore 
not fully justified, and subsequently a serious 
divorgonoe of opinion arose between Airy 
and Scorosby respecting tho validity of the 
former’s conclusions, Tho main point at 
issue was whotlior the rules devised hy Airy 
for tho oorroetion of tho compass apiilied 
only in tho place at which tho correetiona 
wore made or whether they could also bo 
considered reasonably accurate for ehangos 
of latitude. Scorosby also aflirmod tliat the 
so-callod permanent magnetism of tho ship, 
produced by hammering, etc., during construc- 
tion, was only sub-permanont ; that a largo 
jiart of it disappeared during tho early voyages ; 
and that it might bo very largely changed by 
tho buffeting tliat a ship might receive if she 
continued on tlio same course for any length 
of time in heavy weather. Tho loss of an 
important ship, the Taylor, on her llrat voyage, 
in 1854, a loss which was in some quarters 
attributed to the defects of Airy’s oonclusions, 
led to tho formation of tho very important 
Liverpool Compass Committoo, which issuod 
throe reports on tho Deviations of tlio Compass 
•—in 186(5, 1857, and 18(51. Following tlieso 
reports tho Admiralty ordered furthei- in- 
vestigation, and a mathematical examination 
of tho subject was caiTicd out by Archibald 
Smith, very largely based on Poisson’s 
original work. Subsoquontly, under tho direc- 
tion of Captain F. J. Evans, R.N., Supor- 
intondont of tho Admiralty {Joinjjass l)e()art- 
mont, and of Archibald Smith, the Admiraliy 
Manual of the Deviations of the. Compass was 
published in 1802, and passed through succes- 
sive editions in 1863, 1809, 1874, 1882, 1893, 
1901, and 1912. 

The Admiralty Manual, with its investiga- 
tion and mlcs for correction, is now looked 
upon as the standard work on tho subject, 
and has been adopted as tho basis of similar 
X>ubUoation8 in other countries. 

Very few changes wore nocossary in tho 
first five editions, but in the sixUi, broiiglit out 
in 1893, certain modifications of detail had 
to bo introduced on acioouut of tho greater 
use of stool in shi];) construction ; but in 
principle there is little change since tho work 
first appeared, and the only controversial 
points that have aroused any discussion have 
been such matters as tho comparative merits 
of the liquid as against tho “ dry - card ” 
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compass, the construction of tlie cap and 
pivot, and the most suitable period of 
oscillation. ,, 

With the advent of aeroplanes and airships the 
need of compasses for their speoial use became 
apparent, and experimental work is still in progress 
for tho pur]ioso of evolving the best type. One of 
the princij)al difficulties in this conneotion lies in the 
fact that an aeroplane in turning is subject to ver}^ 
largo horizontal acceleration, and tho compass card 
“ banks ” in consequonoe at angles of possibly 60“ 
or 70“ with tho horizontal. Under such ciroum- 
stanoos tho vertical component of the earth’s 
magnetism may have as much or even more effeot on 
tho needle than the horizontal. In particular it is 
quite possible, when turning away from north, for 
the compass to go oh in the wrong direction. When 
in sight of tho ground this is comparatively un- 
important, but when flying in cloud tho unreliability 
of tho compass in indicating turn can easily result 
in tho pilot’s getting his machine into a “ spinning 
nose dive.” It appears impossible to provide a 
compass that will fulfil all tho requirements of tho 
air pilot, and uji to tho present the “ aperiodic ” 
previously referred to seems to bo tho best 
compromise. 

§ (10) MATHBMATIOAt, THEORY OE THE COM- 
PASS. (i.) Deviation Error, — The mathe- 
matical theory of tho deviations of tho 
compass has to take aocount of the permanent 
magnetism of the ship, of tho induced 
magnetism of soft iron changing with each 
change of course, of tho varying values of 
the earth’s magnetic field in different latitudes, 
and to include the effects that arc due to the 
rolling, pitching, and yawing that tho ship 
may bo subject to in a seaway. Of these 
three typos of motion that of rolling is the 
most important. In tho days of sailing ships 
tho vessel would bo heeled over to leeward 
for long periods, and the “ heeling error ” 
was of pj-imary importance. In a steamship 
rolling takes place about the upright position, 
and consequent deviations duo to heeling are 
of alternate sign, so that their relative import- 
ance is less than it was in sailing-ship days. 
As tho whole of tho investigation of heeling 
error has boon made on a statical basis, it is 
quite probable that the formulae obtained 
are not true for a ship with a considerable 
degree of roll when dynamical considerations 
enter into tho question. 

For the purpose of considering the quantita- 
tive values of the deviation, take as axes of 
reference Ox in the fore and aft lino (ahead) 
through the compass, Oy in a horizontal 
athwartship direction (to starboard), and Oz 
in a vertical direction downwards, tho 
assumption being that the ship is for the 
liresent on an oven keel (see Fig. 2), 

Let X, Y, and Z bo tho oompononts of tho earth’s 
field at the origin, and P, Q, and It the oompononts of 
tho ship’s field (permahent magnetism). 


Then the total field will have components 
X' = X-|-aX-(-6Y-tcZ-|-P, 
Y'=Y-|-dX-feY4-/Z+Q. 
Z'=Z+gX+hY+kZ+n, 

where a, b, c, d, e, /, g, li, k aro parameters dependent 
upon the distribution of soft iron in tho ship. These 
equations are due to Poisson. 



Fig. 2. 


If H and H' are the horizontal force of tho earth 
and the horizontal force of tho earth and ship 
respectively, 0 the dip, f tho magnetic course, 



the compass course, and d (=f— the deviation, 
wo have (see Fig. 3) 


X=H 008 Y= - H sin f, Z=H tan (?, 

X' =■ li' cos y ' = - H' sin ; 

by substitution and reduction wo obtain 

^ sin 5 = ^ -I- tan 0 sin f 

+ (f tan oos t+-^ Bin 2^-+—^- cos 2^*, 

and 

cos 5 =H — -I- { c tan 0 -l-g 1 cos f 

- (f tan sin oos sin 2f. 

Tho former of these equations gives tho strength 
of tho couple tending to turn tho compass needle 
eastwards, the latter tho strength of tho couple 
tending to turn to north. Tho mean value of the 
former is (d— 6)/2, which is usually, but not neces- 
sarily, zero ; the moan value of the other is 1 -|- (a -1- e)/2. 
This wo denote by X. In iron vessels X is nearly 
always loss than unity. Tho quantity XH, which 
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is tlio moan valuo of H'' cos 5, nr of tlm com])on(‘nt 
of tiio. cai'tli and ship diroctod to magnetic north, is 
usually known as “ moan force to north.” 

If we write. 
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wo obtain 

ifl l-iB sin f-l-iS- ooa f ■f'J' sin 2fH-0 cos 
‘ 1+^ ooa f-lS sin f+liS oos 2^-® sin 

whioh gives tlio deviation on any magnotio oourao 
when the ooefTioienta d, etc., (iro known. 

In terms of the compass oourso tho oxjmeaaion 
for tho deviation is more eoinplioatod, but can bo 
written in the form 

S»=»A-I-B sin .G l-b' cos l-U sin 2^ i-E oos 2f' 
d-F sin Sr 1-f^ «08 3^' 1-H sin 4f' l-K cos 
-I'L sin • • • 

in whioh A, H, (1 . . . aro dorivablo from d, «B . . . 
In view of the fact that oB S, tD aro small quantituw 
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SuooQoding ooofTloionts would all bo of fourth or 
higher orders. Similar oxijrcssions for Aj, i\, (‘i, 
oto., when tlio expansion is made in torms of tho 
magnclto oourao can also bo obtained. 

In actual jtractioo it is not nooeasary to 
go further in tho expansion than the first 
five terms, and jjrovitlcd tho value of 5 does 
nob exceed about 20° wc can write 

5 = A -h B sin + 0 oos .(•' + D sin 2f ' + E oos 2f'. 


Tho doviatioii tlnui coiisistH of a constant 
])art A, a somieircular jmrt B sin .f' + C! cos f', 
and a quadrantal ])art 1) sin 2_G,+ E cos 2^'. 
Tho confitant part A is always siuail for a 
compa.s.s placed on tho fore and aft lino of the 
ship ])rovidcd tho massoa of soft iron aro 
symmetrically placed, as most usually ha]p)ons. 
Tho semicircular deviation is duo jjai-tly to 
tho permanent magnetism of tho slii]) and 
partly duo to induced magnetism ; tho 
quadrantal deviation to inrlueed magnetism 
only. Tlu) coriw)ti()U of tho fornicr is niado 
by suitably placed permanent magueds and 
by tho “ Klindera Bar ” ; of the' latter by 
suitably placed masses of soft iron, usually 
two splioros ])laco(l one on each side of tho 
binnacle. Tho next term of the expansion, 
tlio soxtantal deviation, roi)roHents tho clloct of 
magnetism indiusctl in tho soft iron (in effect, 
in the correcting Hjihcres) by the magnets 
of tho compass itself. In the particular case 
of spheres symmetrically disposed, the sox- 
tantal term becomes zero provided tlio 
clistaiico between the two noodles is ocfual to 
the length divided hy a eondition which 
fortunately is satisfied owing to the need of 
tho card to have equal moments of inertia. 

It appears, then, that after tho eornpass 
has been approximately eorreeted Iry per- 
manent inagnots and sfiliert's tho approximate 
valuo for the outstanding deviation is that 
given just above. 

(ii.) Heeling AVwr.— IVlion tho ship is 
inclined from her normal position, modifica- 
tions in tho formula for tho doviation have to 
ho made. If i bo tho angle of bool to starboard 
(see Fig. 4) tho now doviation can bo slurwn 



to exceed tho deviation S in the upright position 
by a quantity consisting of a constant part, a 
Horniciroular part, and a quadi'antal part. 
When i' is small, and when the soft iron of 
tho ship is symmetrically iilaced, this relation- 
ship bcjootnos 

Jt cos I* cos 2.(’', 


(e-.-S) 


tan 0. 


whoro 
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The constant part i{G-g)/2\, and the 
quadrantal part -i{c + g) cos 2p/2X, when 
taken together are equivalent to 

sin^ cos® f', 

A A 

which will only be zero for all courses provided 
c = o and g=o. These conditions are not 
usually obtained, but the values of c/X and 
p/X are ordinarily small, and the error repre- 
sented by these two terms may be safely 
neglected. 

The semicircular heeling error cannot be 
so neglected, and the error represented by 
this term has to be specially dealt with in 
correcting the compass. 

The quantity -J is usually spoken of as 
heeling coefficient, - Ji as heeling error. The 
correction is made by vertical magnets placed 
directly below the compass bowl. 

(iii.) The Six Coefficients . — Owing to the 
symmetrical disposition of soft iron relative 
to the compass, four of the Poisson parameters, 
viz. b, d, f, and h, become zero, and hence A 
and E are zero. The coefficients B and C 
of semicircular deviation then depend on 
oB, (S, and S. The value of the last term 
3) is in all ordinary cases positive, and can 
bo diminished by soft iron correctors placed 
on either side of the compass. In a perfectly 
corrected compass D, and therefore 3), must 
be zero to eliminate quadrantal deviation, 
and the semicircular will then only disappear 
provided oB — o and (S=o. Both these co- 
efficients are compounded of permanent and 
induced magnetism effects, as is seen from the 
equations 

^ (c tan 0-1- P/H) 

, 

^ (/tan0-tQ/H) 

^ X 

and if perfect correction is required in all 
parts of the world, it is necessary that c and 
/ should be zero and P and Q should be zero. 
The parameter / is zero from symmetry and 
0 is made zero by means of the Flinders bar, 
a vertical bar of soft iron placed before or 
abaft the compass according to whether the 
coefficient is negative or positive. The 
remaining parts of SB and G are corrected 
by permanent magnets placed respectively 
fore and aft and athwartships for the purpose 
of reducing both P and Q, to zero. 

The heeling coefficient -J, which can be 
written 

D-|-^-l)tan 9, 

, R 

where fi=L + lc + -^, 

is zero in a ship for which the quadrantal 
deviation is corrected provided ju.=X. Now 
fx — l + k+'R/z, X — l + i(a+ e), and since a=e 


is the condition for correction of quadrantal 
deviation the above equations reduce to 

R 

/c+2=e, 

a condition that cannot be universally satisfied 
unless /c = e and R=:o. A correction is, 
however, possible in any particular magnetic 
latitude by vertical magnets placed below the 
compass. 

§ (11) Determination of the Errors op 
A CojMPASS. — By “ swinging ” a ship it is 
possible to determine in several ways the 
amount of the deviation. One of the simplest 
of these ways is to turn the ship while making 
repeated bearing observations of a distant 
point of land. The ship’s head is steadied 
on each point of the compass while the 
observation is made and a curve of errors 
subsequently constructed. The diameter of 
the turning circle of the ship must be small 
in comparison with the distance of the land- 
mark observed in order to avoid parallactic 
errors, and the exact magnetic bearing must 
be obtaiaed by measurement from the chart, 
or otherwise, in order to discoyer any constant 
error (A) of the compass. 

If the ship is swung at sea out of sight of 
laud corresponding observations can be made 
of the sun, but in this case it is simpler to 
determine the deviations by noting the time 
of each observation and thence calculating 
the true azimuth. 

An alternative method when close to land 
is to set up an azimuth compass on shore at 
a place free from magnetic disturbance and 
take reciprocal bearings between the landing 
compass and the ship’s instrument on each 
point. Differences of bearing then represent 
the deviations. 

If the ship is swung in an upright position 
no indication is obtained of the value of 
the heeling error when rolling, but sufficient 
information is forthcoming if the values of 
X and jU can be obtained. The former of 
these, X, is the ratio of the mean horizontal 
directive force to north at the compass to the 
horizontal directive force on shore. It is 
determined from the times of oscillation of a 
horizontal magnet set to vibrate first on 
shore and then on board in the binnacle 
after the compass bowl has been removed. 
If the horizontal force on board were the same 
in all azimuths, we should have X—H'/II, 
but since H' changes with the line of the 
ship’s head it is necessary to use a correcting 
factor, giving rise to the general expression 

H' cos S 

H ■ 1 -I- oB cos C - e sin C+ 3) cos 2f - S sin 2f' 

The values of oB, £, ®, and & are obtained 
from the analysis of the curve of deviations. 
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The second constant jx is obtained from 
measurements of the vertical component of 
magnetism. It is the ratio of the mean value 
of the vertical force on board to the vertical 
force on shore. The measurement is made by 
means of a dip circle, ■which is a magnet 
mounted so as to turn about a horizontal axis. 
By turning the -whole instrument in azimuth 
the needle can be made to hang vertically, 
and the ratio of the squares of the times of 
oscillations about its equilibrium position on 
board and on shore leads to the value of 
Z'/Z. As in the previous case, the value of 
7/ changes with the direction of the ship’s 
head, and for precise determination of its 
value it is necessary to make the observations 
on a number of different directions. A second 
method of evaluating /a is by means of the 
heeling error instrument, in which a magnet 
can also rotate about a horizontal axis. This 
magnet is exactly balanced before being 
magnetised and is gravitationally in neutral 
equilibrium. Hence, when placed so that the 
noodle is free to move in the plane of the 
magnetic meridian, -it would set itself in the 
lino of the dip. A small aluminium weight 
can bo attached to the needle and adjusted 
so that the needle takes up a horizontal 
position. The moment of the weight about 
the axis thus balances the moment of the 
vortical force. By adjusting the weight for 
the instrument firstly on shore and secondly 
on board in the compass bowl the ratio of 
7/ to Z can be obtained. The angle of dip 
oan also bo determined for this instrument. 

Ha-ving obtained the values of /x, and d, 
and knowing also % from the de-viation curve, 
the ooefhoiont of heeling error ( fS - 1 + /x/X) tan Q 
is found. 

§ (12) CORRTiOTIONS OF THE DEVIATION. — 
In practice it is desirable that a ship’s compass 
should be as nearly as possible corrected on 
all courses and in all latitudes. It is not 
possible to obtain this state of affairs with 
absolute exactitude, partly from the inherent 
difficulties of the problem and partly from the 
fact that the so-called permanent magnetism 
is only subpermanent, and it is therefore 
essential that the navigator should make 
frequent azimuth observations of the sun or 
a star for the purpose of determining the 
deviation for the course he is actually steering. 
The order in which the corrections are carried 
out is 

(i.) Quadrantal deviation. 

(ii.) Heeling error. 

(iii.) Semicircular deviation. 

(i.) The Quadrantal Deviation . — This consists 
almost entirely of the term D sin 2^, and the 
coefficient D in an uncorrected compass (a) 
does not change with change of latitude, 
(6) is always positive, and (c) remains constant 


for a great length of time. The correction of 
D is performed by means of soft iron spheres 
placed on the port and starboard sides of the 
binnacles, experience of pre-vious ships of a 
similar design suggesting the size of the 
spheres and their position. The ship is then 
swung with the spheres in position and the 
new D determined from the table of de-viations 
so obtained. 

If this new D has a positive sign the spheres 
must be moved inwards or smaller spheres 
provided ; if negative the opposite must he 
done. The necessary data are supplied in 
Table IV. of the Admiralty Manual. 

For compasses out of the fore and aft line 
or between decks in the neighbourhood of 
unsymmetrically placed masses of iron, a co- 
efficient E may exist. This can he corrected 
by moving one sphere ahead and the other 
astern of the athwartship line. 

Before touching the heeUng error corrections 
it is usually desirable to take out all or as much 
as possible of the soft iron semicircular de-via- 
tion by means of the Flinders bar. This 
consists of a portion of oB, -viz. (c/X) tan 6, 
and a portion of £, (//X) tan 6, the latter 
being zero through the symmetrical disposi- 
tion of soft iron. The Flinders bar therefore 
corrects the coefficient c, and the magnitude 
of c in an uncorrected ship is known from 
previous experience. Should it not be so 
known it can only be determined from value 
of the semicircular deviations in -widely 
separated latitudes. 

(ii.) Heeling Error . — The next error needing 
correction is the semicircular heeling error, 
consisting of a part due to soft iron and a 
part due to permanent magnetism. The latter 
part is much the more important, and no 
separate means are usually provided for 
elimination of the soft iron part. The correc- 
tion is made by means of vertical magnets 
below the binnacle adjusted up or down 
until the vertical force in the binnacle is 
the same as the vertical force on shore. 
The ratio /x : X is thus made unity, and since 
- J = (®-i-^/X - 1) tan ^ the heeling error is 
thereby corrected, but will require a new 
adjustment of the vertical magnets if the 
ship makes a big change of latitude. 

(iii.) Semicirmlar Error . — Except for con- 
stant de-viation A, there remains only the 
permanent magnetism part of the semi- 
circular error. This is neutralised by means 
of permanent magnets, some fore and aft and 
some athwartship placed below the binnacle, 
the numbers and sizes being adjusted until 
the de-viation is zero on each of the four 
cardinal points. 

The constant A {=(d ~b)/2\) ought to be 
zero since by symmetry d and b are both 
zero. In actual fact there is usually a small 
A in an uncorrected ship, and this can be most 
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easily eliminated by a small displacement of 
the lubber line. 

Having made the above corrections as far 
as can be done, the ship has to be swung and 
the values of the deviation (now small) used 
to compile a de-viation table, which is checked 
from time to time, and the compass readjusted, 
a thing which is particularly necessary after 
large change of latitude or after heavy weather 
while steering for a considerable time on the 
same course. 

§ (13) The Gyro Compass, (i.) General 
Principles . — Gyro compasses in a practical 
form first appeared some two or three 
years before the European War when they 
were put on the market by Anschutz of 
Germany, and by Sperry in the United States. 
The underlying principles were the same in 
both compasses and were the practical develop- 
ment of ideas which had been suggested many 
years previously by Foucault and by Lord 
Kelvin. The latter described to the British 
Association in 1884 a gyroscopic model of a 
spring balance, which contained gyros instead 
of springs, and a gyroscopic model of the 
mariner’s compass, in which a gyro took the 
place of the magnetic needle. 

The chief points to notice in the behaviour 
of a spinning flywheel or gyroscope mounted 
freely so as to be capable of turning in any 
direction are : (i.) that it offers considerable 
resistance to any force tending to deflect the 
axis of spin from its origiual direction, and (ii.) 
that in the case of a force at right angles to 
the axis, when the axis does yield it moves, 
not in the direction of the force but at right 
angles to it. Thus, if the spinning axis is 
initially horizontal, a vertical force will only 
result in a change of azimuth ; but any couple 
in the horizontal plane will produce a change 
of tilt and no horizontal motion. It has been 
suggested that the first-named property of a 
gyro, its power of resisting disturbing forces, 
might be used to produce a compass, or at 
least a direction indicator : the gyro being set 
with its axle in some given direction at the 
start, and maintaining that direction through- 
out the trip. Unfortunately it has, so far, 
been impossible to provide a mounting so free 
from friction that the gyro will not slowly 
drift away from its original direction. Except 
for certain aeronautical purposes where accur- 
acy within a couple of degrees is required for 
periods of only half an hour or so, this type of 
“ compass ” has therefore never been of any 
practical use. 

Every g 5 no compass which has met with 
any success up to now has been definitely 
north-seeking, and, if forcibly deflected from 
the meridian, works its way back by a series 
of damped oscillations like a magnetic compass, 
but much more slowly. This is accomplished 
by taking advantage of the earth’s diurnal 


rotation and causing the gyro to be affected 
by it. This rotation has an influence on the 
gyro compass which is analogous to the effect 
of terrestrial magnetism on a magnetic com- 
pass. The earth’s rotation may be regarded 
as an angular movement of the vertical in 
space, and is made use of by causing the gyro 
to.be sensitive to any change in the position 
of its axis of spin relatively to the local vertical. 
The obvious method of doing this is to mount 
the gyro wth its axis horizontal in a pendulous 
frame. The gyro tends to maintam its direction 
in space while the vertical shifts ; its axis thus 
in general acquires a tilt from the horizontal 
position, and the pendulousness t)f the frame 
then supplies a couple which causes the gyro 
to “ precess ” or move in azimuth. If the 
axis points north and south, the shift of the 
vertical does not alter the angle between it 
and the axis, which still remains horizontal ; 
thus no couple is produced and the axis 
continues to point north and south. This is 
the principle of Foucault and of Kelvin, 
applied by Anschutz, Sperry, and others. It 
is the only principle on which a successful gyro 
compass has yet been constructed. 

(ii.) Early Forms of Compass . — Trials of 
Ansobiitz and Sperry compasses were carried 
out by the British Admiralty about 1910, but 
it was found that although otherwise fairly 
satisfactory they both showed large deviations 
when the ship was rolling, unless at the same 
time the ship’s head was towards one of the 
four cardinal points. This “ Inter-Cardinal 
Rolling Error,” as it is called, was overcome 
in about a year by both makers. Anschutz 
redesigned his compass entirely and added 
two more gyros of the same size as the primary 
gyro, makhig three in all; at the same time 
he adopted an entirely new method of damping 
invented by Schuler, a German. Sperry, 
however, adhered to the original form of Ms 
compass, but added one small subsidiary gyro 
called the “ Floating Ballistic Gyro ” to over- 
come the deviation formerly caused by rolUng. 

The increasing use -of large masses of iron 
and of electrical machinery in modem ships — 
particularly in submarines — ^had by this time 
greatly impaired the reliability of the magnetic 
compass, so that the advent of a gyro compass 
which would not be affected by stray magnetic 
fields, and which promised to indicate the true 
north at all times, was particularly timely. 
After experience with both Anschutz and 
Sperry compasses under service conditions, 
the British Admiralty decided to adopt the 
latter in the Navy. All submarines and first, 
class ships were accordingly fitted with Sperry 
compasses between 1911 and the end of the 
war. 

The Patent Office records show that the 
gyro compass problem attracted the attention 
of many other inventors, but only three need 
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be sjjecially mentioned here. In 1917 Pro- 
fessor Perry and S. G. Brown produced a 
compass for sea trials whioli contained some 
novel and useful features. A great advance in 
eliminating undesirable friotion was attained 
by causing the gyro frame to oscillate in its 
bearings by an intermittent How of oil. It 
was claimed that the rolling error was elimi- 
nated by making the gyro and its casing 
strictly non-pondulous, while jjroducing the 
required couple l)y mechanically transferring 
oil from the low side to the high side whenever 
tlio compass was tilted. This transfer was 
accomplished by an air-bhrst relay controlled 
by a pendulum. The daminng was efl'oeted 
by the same relay and was similar in princijdci 


French, and Italian warshijis, and has a per- 
formance which is fairly re]>resentativo of 
gyro compasses in general, the following ]>ago 3 
refer more particularly to this apparatus. 

§ (14) Tins SinsuRY (Iomcass. — The main 
features of the S])erry comjjass may be under- 
stood from J'hVy. 5, 

The gyro is simply a flywheel 12 in. 
diameter weighing 50 lbs., and 8])nn electri- 
tsally by 3-phaae current at a rate of 8600 r.p.rn. 
It is enclosed in an aii'tight aluminium case b, 
which is exhausted to a good vacuum to 
])revent air friction and conseciuont heating. 
This case is 8U])])orted in a vertical ring d in 
which it is free to tilt about the horizontal 
axis c. The ring can turn about its vertical 
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to that pro])o8od by Schuler for the Anschutz 
compass. This compass was installed in a 
British light cruiser, with the result that an 
order for a fuidhor number was placed by the 
Admiralty, Before these could bo delivered 
the Armistice was doolarod and, owing to the 
oonsoquont stoppage of now construction, they 
have not yet boon put into servioo. 

A somewhat similar fate befell a compass 
with two gyros invented by H, L. Tanner in 
Now York and made by the Sperry Gyroscope 
Co. It was a radical departure from previous 
models and was noteworthy for the merit of 
its electrical ociuipmont. The Armistice spoilt 
the chance of this comjjoss also, so far as the 
British Navy was concomod, as it had only 
boon installed in two warshi]i8. Both the 
Perry-Brown and the Tanner compasses have, 
however, mot with (sonsiderable success in the 
raeroantilo marine. As the Sj)erry compass, 
more or loss modified as will bo described later, 
is almost universal in the British, American, 


axis ff^, in an outer vertical ring g, and carries 
the gyro case with it. 'Die bearings / and /, 
arc merely guide bearings and do not support 
the weight which is borne by a stranded wire 
attaohecl to the outer ring. This outer ring, 
oalled the Phantom Ring, is power-driven by 
a small oloo.trio motor tn, oontrolled by c'ontaots 
on the inner vertical ring. The arrangements 
are such that the plane of the i)hantom ring 
follows faithfully the plane of the inner v(>rtical 
ring. The wire e therefore never gets twisted, 
and there is no movement of the bearings / 
and /i, except for a small oscillatory motion 
of the phanttjin. The contacts have no “ off ” 
position ; the motor is always running in one 
dirootioii or the other, so the plane of the ring 
g is constantly hunting about a mean position 
ooplanar with the ling d, with an amplitude 
of about a quarter of a degree. This allows 
the ring d to turn about its verticuU axis 
almost without friction. One may blow oiico 
on the side of the gyro case and cause it to 
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make several revolutions if the wheel is not 
spinning. 

The gyro case is as nearly as possible 
in neutral equilibrium and the necessary 
pendulous moment is given to it by the 
separate mass p called the bail, which is hung 
independently on the phantom ring, and 
connected to the bottom of the gyro case at 
the point s. In order to avoid inter-cardinal 
rolling error, it is arranged that this point 
shall always bo in the same position relative 
to the true vertical line through the centre 
of the gyro, even when the gyro case and its 
supporting rings are being swung east and 
west by the motion of the shij). The connection 
at s is therefore made by two rollers on one 
stem, the upper one sliding in a groove in the 
case and the lower one sUding in a similar 
groove in the bail. The roller stem is hung 
at the bottom of a short pendulum suspended 
from a. This pendulum, having a quick 
period, would itself be set swinging by the 
ship’s motion if it were not stabilised by the 
small auxiliary gyro attached to it and known 
as the “ floating ballistic gyro.” The compass 
card 0 is carried by the phantom ring, and 
below it are arranged an automatic device 
for correcting the speed and dami^ing errors, 
and an electrical transmitter for transmitting 
the corrected indications to a number of 
subsidiary dials in various parts of the ship. 

§ (15) Theory oe the Si’erry Gyro. — ^T he 
theory of the gyro compass,^ written by H. 
Crabtree for Messrs. Elliott Bros.’ handbook 
of the Anschutz compass, has been reprinted 
in that author’s f^pinning Tops and Gyroscopic 
Motion. The matter is also dealt with by 
Klein and Sommerfeld in Theorie des KreiseU. 
8ir George Greenhill devotes a chapter to the 
Gyro Compass in his Report on Gyroscopic 
Theory. All these writers, however, deal with 
the original single - gyro Anschiitz compass, 
which is now obsolete. So far as is known, no 
similar mathematical explanation of the Sperry 
compass has yet been published, although it 
is in use to-day in all the principal navies of 
the world. A brief outline of the mathematics 
of the Sperry compass is therefore given here. 

(i.) General Equa, lions. — Let the axis of the 
gyro make an angle a with the meridian and 
/3 with the horizontal. Then if ^ is small 
the earth’s diurnal rotation of w radians per 
second has components in latitude \. 

to cos X cos a about the gyro axle, . (1) 

w cos X sin a about the gyro tilt axis c, (2) 

to sin X about the local vertical. . (3) 

The component (1) has no visible effect on 
the gyro, but if it maintains its direction in 
space, the axle has apparent motions equal 

^ Por a penoral account of the theory of a gyrostat 
see article “ Gyroscope,” Vol. I. 


to (2) and (3) relatively to the earth which 
increase /3 and a respectively. 

As the gyro casing is not in perfectly neutral 
equilibrium, let C be its pendulous moment ; 
to this is added B the pendulous moment of 
the bail. These two parts tilt together, so 
that the torque about the horizontal axis c 
of the gyro case is /3(B -|- C). From the funda- 
mental gyroscopic law ^ this produces a 
precession in the horizontal plane at the rate 
^(B -h C)/H, where H is the angular momentum 
of the flywheel. The apparent precession 
relative to the meridian is, however, 

B H- C . . da . 

,3_^_ _„smX= . . (4) 

Therefore, when the gyro remains at rest in 
azimuth it must have a tilt whose steady 
value is Hce 8inX/(B-l- 0). 

In practice it is desirable for the gyro to 
settle with its axis perfectly horizontal as 
shown by' spirit levels attached to the case. 
This is arranged by a latitude adjustment 
which sets the gyro and bail tilt axes out of 
alignment so that when the gyro axis is level 
and/3 = 0, the bail has a tilt /3(, = Hw sinX/B. 

The torques about the horizontal axis c 
are now C/3 due to the case and B(/3-|-/3 q) due 
to the bail. 

Equation (4) may then be written 
C/3 -p B(/3 -h ^o) - Hw sin X = - I-I^^> 
or since the terms B/3q and Hw sin X cancel, 

-H^=/3(B-(-C). . . . (4a) 

Th.n + . . (6) 

If the gyro has a deviation angle a, 

~ ^ ^ from (2). . (6) 

Substituting in (6), treating a henceforward as 
a small angle, and writing a for sin a, 

(B-|-C)a)acosX = 0. . (7) 

Equation (7) shows that the compass swings 
in azimuth with an oscillatory motion of period 

. . ( 8 ) 

(B-l-O)wcosX 

(ii.) Damping of the Oscillations. — No 
account has yet been taken of the damping 
arrangement, without which the compass 
(being only very slightly damped by bearing 
friction) would oscillate perpetually about 
the meridian. To prevent this, the point 
s is set slightly to the east of the vortical 
line through a. Let y=the angle fios, a small 
“ See article “ Gyroscope,” § (0), Vol. I. 
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angle of about 1°. Then the couple due to 
the bail may be resolved into components 
approximately 

B(/3 -F jSq) about the horizontal tilt axis c, 
rB(|3 + /3g) about the vertical axis 

The latter affects the rate of change of 
so that while equation (5) remains unaltered, 
(6) becomes 


dr 




and instead of (7) we have 


H 


d^a , Bdtt 

*2 


+ (B + 0)w cos X . a 


= (B +G)rw sin X. 


(9) 


Thus in the steady state, when d^ajdt^ and 
dajdt are each zero, the compass has a 
deviation 

ao=rtanX. 


This deviation is due to the method of 
damping, and is therefore known as the 
“ Damping Error ” or sometimes as the 
“ Latitude Error,” because it varies as the 
tangent of the latitude angle. It is corrected 
in the readings shown by the compass, by 
shiftmg the lubber’s mark out of the fore-and- 
aft line by an appropriate amount. 

Since in equation (9) r^B® is numerically 
less than 4Hw cos X (Bh- C), the solution is 


, = Ac 


-rBe/an , 


^B + C 

V H 


0 } cos X • 


r^B® 

'ST 


)’■ 


the equation of a damped harmonic oscillation 
with period 

m 4:7rH 

^ {4(B-F0)HwcosX-r®B®}i‘ 

The ratio of successive swings is given by 

I 

/=e‘‘u 


The value of / is normally about i to 
(iii.) Speed Error . — The above applies to a 
compass stationary ashore. In a ship moving 
over the earth’s curved surface with a 
northerly velocity w miles per second at the 
equator, the apparent axis of the earth’s 
rotation is shifted by an angle 5 whose 
tangent is w/Rw, where R is the earth’s radius 
m miles. If the ship’s speed is V on a course 
K degrees from north and the ship is at 
latitude X, we may write (since 5 is a small 
angle) 


VcosK 
Rw cos X’ 


( 10 ) 


If V is given in knots and S is required 
in degrees, 

OTT COS X COS X 


This “ Speed Error ” deflects the compass 
to the west on northerly courses and to the 
east on southerly courses. Its amount is 
about 1° for each 10 knots in British lati- 
tudes. It will be noticed that this error is 
entirely independent of the design of the 
compass. Speed or course error is inherent 
in any north-seeking gyro compass, although 
mechanical means may be arranged to 
correct it. Such an arrangement has been 
embodied in the Sperry compass, which has 
a latitude dial and a dial to be set by hand 
to the ship’s speed. An ingenious mechanism 
then automatically corrects the readings by 
shifting the lubber’s mark by the amount 
required for the course the ship is steering. 

While the ship is actually changing its northerly 
velocity, the acceleration dv/di produces a shift of the 
apparent vertical, as shown, for instance, by a plumb- 
line, through a small angle whose circular measure 
is (dv/dt)lg, where g is the acceleration of gravity 
in miles per sec.®. As the case and bail do not alter 
their tilt relative to the horizon, this is equivalent 
to a change in the value of |3, the tilt relative to the 
vertical. The pendulous moments of the bail and 
case then cause the compass to deviate in azimuth 
at the rate 

da 1 dv (B-l-C) 

dt~ g dt’ H ’ 


which must be multiplied by the cosine of the course 
if the acceleration is not along the meridian. By inte- 
grating over the period during which the acceleration 
persists (which is supposed short) 


V(B-fC) 

“ ffH 


cos K. 


( 11 ) 


This is the ^‘ballistic deflection,” and for a northerly 
acceleration it is to the westward, and therefore of 
the same sign as northerly speed error. By makmg 
the amount of this deflection equal to the change 
of speed error the acceleration will move the compass 
dead-beat to its new resting position without any 
oscillation. Thus with the co-operation of the correc- 
tion mechanism referred to above the compass wUl 
indicate ti:ue north before, durmg, and at the end of 
the acceleration. To secure this desirable result, 
5 in (10) must have the same value as a in (11), then 


B-|-C = 


Rw cos X' 


( 12 ) 


By substituting this value of B-fC in equation (8) 
the periodic time of the undamped compass must be 
T=2ir fjR/g, or about 85 minutes. 

The damping — for f=i — increases this period to 
about 90 minutes, and practically all gyro compasses 
are now constructed to oscillate in this time. 

It will be noticed that the value of B-f-C in (12) 
is dependent on the latitude. Previous to 1918 
compasses were designed to be correct in latitudes 
of about 40° to 50°, leaving a residual error outside 
those limits which grew to be rather serious in high 
latitudes. A modification of the Sperry compass 
patented by Commander G. B. Harrison and A. L. 
Rawlings of the Admiralty Compass Department, and 
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which will be described below, contains a means of 
altering the value of B to make the ballistic deflection 
approximately correct in any latitude. 

(iv.) Furllier Bffecia of Change, of Course . — 
Owing to the oxcentric connection between the 
bail and gyro case (s in Fig, 6) the couple produced 
by the acceleration is not confined to the vortical 
plane. The component in the horizontal plane 
deflects tho gyro axle slightly from the level position, 
and this causes tho compass to wander slightly back 
from the correct azimuth after it has been placed there 
by tho ballistic deflection. This disturbance has been 
named ‘'ballistic lilt,” and the resulting temporary 
deviation, which attains its maximum value about 
'a quarter of an hour after tho acceleration which 
produced it, is about 2° for 40 knots change of 
northerly speed. It may 
bo reduced by making tho 
oxoontricity leas, i.e. by 
reducing the angle r. This 
of course reduces the 
damping also. Sperry 
compasses, in which each 
swing was ono-tliird the 
amplitude of tho preceding 
one, have boon altered to 
make this ratio ono-half 
with marked success. Tho 
ballistic tilt effect was 
halved and no noticeable 
disadvantage was found 
with tho lighter damping. 

In compasses damped 
by other moans, such as 
those of Anschutz and 
Brown, a precisely similar 
deviation has boon found 
duo to disturbance of tho 
damping oil. Brown has 
introduced an automatic 
cut-out to got over this 
difficulty. 

In the ease of the 
Sperry, tho deviation is 
slightly greater if a turn from north to south or 
south to north is made through west, and rather 
loss if made through oast. This is duo to the 
oxoentric oonnootibn being swung over as the turn is 
made in spite of tho ballistic gyro. A similar effoot, 
but exchanging oast for west, has been observed 
with the Harriaon-Rawlings modification. 

(v.) Recent Improvements . — The sonsitive- 
neas of the ballistic gyro to east - west 
accelerations is occasionally the cause of 
serious deviations. If tho ship rolls badly on 
a meridional course, the ba.llistio gyro may 
swing quite clear of the grooves in the 
bail and case and put the compass out of 
action. This was overcome to some extent 
by adding a weight to the ballistic gyro frame 
above its point of suspension so as to increase 
its natural period and make it more stable, 
but the Admiralty and tho Sperry Co. have 
now adopted the Harrison-Rawliirgs modifica- 
tion, which does away with the ballistic 
arrangement entirely. 


In this device the Sperry bail is replaced by 
a large U-tube containing mercury and opening 
at the ends into cast-iron boxes (see Fig. 6). 
When this is tilted by the gyro, an excess of 
mercury accumulates in the lower box and 
applies a couple which is opposite in sign to 
that of the pendulous bail. By reversing the 
spin of the gyro, however, the precession is 
made in the right direction, and the compass 
functions as usual. The inertia of the long 
column of liquid in the U-tube keeps it com- 
paratively steady while the ship rolls and 
so eliminates rolling error. The above equations 
for the Sperry compass can be applied to the 
Harrison-Rawlings modification by making H 
and B both negative 
and neglecting C, the 
pendulousness of the 
case, which is zero in 
this arrangement. The 
quantity denoted by B, 
which is the “ pen- 
dulous moment ” of 
this form of bail, de- 
pends on the area of 
the free surface of the 
mercury to the boxe.'*. 
A simple device is fitted 
which makes this area 
adjustable by turning 
the knob seen at the 
right-hand side of the 
box, and the compass 
can thus be set to give 
a correct ballistic de- 
flection in any navi- 
gable latitude. With 
this arrangement the 
compass has been found 
jjroof against any 
weather, provided that 
the rolling is not so severe as to swing the 
gyro against the gimbal rings. 

(vi.) Accuracy . — ^In conclusion, some idea 
may be given of the accuracy to be expected of 
a gyro compass under average conditions, and 
the probable causes of any deviations which 
may be met with. Either the original Siierry 
compass, or its modification just described, are 
liable to change of settling-point with a minute 
change in the balance of the gyro case. An in- 
crease of temperature causes the case to expand 
unequally, making it generally North heavy ; 
change of atmospheric pressure with varying 
barometric height has a similar effect, as also 
has any variation of the vacuum maintained 
in the case. Wear of the bearings on which 
the wheel spins or on which the case tilts is 
a further cause of change of balance. The 
effect of any of these is small, and it would 
be very unusual for their combined action to 
change the settling-point more than 2° if the 
balance was not otherwise disturbed. As the 
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master-oompaas is kept below at a fairly 
constant tomporaturo, no rapid changes of 
balance arc likely to occur. Heneo, if no 
correction by true bearings wore available^ for 
periods of a week at a time, the compass might 
bo relied on to keep within 1” of its settling 
position during the interval. Largo deviations 
may bo caused by wrong adjustment of the 
suspension wire by whic'.h the vortical ring is 
supported. This should bo installed quite 
free from twist and chocked from time tt» time 
to see that it remains so. The deviation duo 
to a twisted suspension is, however, practically 
constant and does ni)t introduoo any uncer- 
tainty. The electrical arrangements of the 
master-compass and the transmission to the 
repeaters, when entrusted to an intolUgont 
olootrioian, have proved very reliable, and tho 
gyro compass equipment as an aid to naviga- 
tion has justified its inclusion in the equipment 
of modern warships. 

§ (16) Tiim Loa Link. — In its old form the 
log lino consisted of a wooden board of 
approximately triangular ao(!tif)n, weighted 
on one sitlo so that it would float upriglit 
and i)re8onfc tho greatest poasiblo reslstnnoc 
to being dragged through tiio water. Tho 
log lino is made fast to tho centre of tlvo 
board and rims out from a reel. Tho 
determination of speed is made by noting 
how many “ knots ” of tlio lino run out in a 
delinito interval, usually 14 or 28 seconds. 

Steamships, in which the course remains 
constant for great lengths of time, always 
now use some form of patent log, an instrument 
which measures distanen run rather than speed. 
A log of this typo is made of approximately 
oylindriool shape with spiral vanes fixed to 
tho curved surface. It is towed astern of 
tho ship, and as it travels tlmmgh tho water 
the vanes cause it to rotate on ite axis. Tho 
rotation twists tlie tow-line and the latter 
turns a counting mechanism fixed to tlu* 
talTrail, so that the distance run can be road 
off. In some patterns tho h>g is practically 
upon tho surface, in others it sinks to some 
distanoe below. 

If there is a surface current both typos 
show, in general, inaoouraoies. A log towing 
at considerable depth may he oom])l6toly 
below the current, and will thus indioaUi 
tho speed of tho ship over the ground ; a log 
towing on the surface would show the speeil 
of tho ship relatively to the water, provided 
tho current extended to a depth well below 
tho keel of the ship. In still water both types 
are equally reliable. 

§ (17) Mbthods of Position Pixino. (i.) 
The Station Pointer.— Om of the commonest 
methods of fixing position when off a coast 
is by tho measurement by a sextant of tho 
two angles between throe recognisable marks 
on shore. 


If A, 11, and G {Fig. 7) are these points 
and P tho position of tho ship, the angles 
APB (a) and BPO (fi) arc measurocl. Tho 
position can then bo graphically constructed 
upon tho chart by drawing the circle APB 
to contain tlio 
angle a, and 
tho circle CHIP 
to contain the 
angle ji. Biuce 
tho two circles 
must have tho 
point B in 
common, tlieir 
other point of 
intoi’sootion P 
is uniquely dotorminod. Tho construction 
of these oirck^s being laborious and difficult 
when their curvatures are flat, tho station 
pointer is used to achieve tho same end. 
The instrument cumsists of a graduated cirolo 
with throe arms, of which tho chamforod 
edges are radii of tho circle. One of tho arms 
is li.xo(l and the otlior two ean i)o rotated, one 
to tho right and the other to the loft. Tho 
scale of graduations has the zero on tho edge 
of tho fixed arm, and the graduations extend 
from (P to 18(P on either side. Tho measured 
angkw are sob on tlvo instrumont by means of 
tho two movable arms, a vernier being avail- 
able for accurate setting. Thev instrument is 
placed upon the chart and moved about until 
the etlges of the legs [lass acourately through 

A, B, and (1. The ecMVtre of the eirelo must 
then 1)0 the point P, which ean bo uvarked 
down upon tlvo chart as the sliip’s position. 

Aocmraey in tlvo determination of a position 
by this metliod is very largely a question of 
proper ehoioo of tho three sliore marks. 

If it should happen that the angle BCA, as 
in Fig. 8, is equal to tho observed aviglo a, 
then a circle can be drawn 
through the four points A, 

B, CJ, and P and the ship’s 
position becomes oomplotoly 
indeterminate ; it may be 
anywhere on tliis circle. The 
two circles of Fig. 7 coalesoo, 
and any point on tlie ciroura- 
feronoo fulfils tho conditions 
as regards tho magnitudes 
of the angles APB and BPG, Tho criterion 
of tho suitability of tho throe marks do- 
ponds upon the relative positions of A, B, C, 
and P. In particular, the “ fix ’’ is a good 
one if tho middle object is on tho nearer 
side of the lino joining the two outside ones. 
The errors of position obtained by this method 
are dependent upon the errors of measurement 
of tho two angles, errors of setting tho two 
arms, and errors of locat ing the station ])ointor 
on tho chart. Probable values for each of 
these errors could be obtained and combined 
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Probability of Position 
'per Unit Area, oonstant 
round an Ellipse 


Tangent Lines to Position CIroles 

Pig. 0. 


so as to give a probable error of position, of 
each of the two position hues, in this case a 
small part near P of the circumferences of 
the circles PBA and PBC. The most probable 
position is then the point 1 ?. The probability 
of position, per unit area of the chart, 
diminishes as we move away from P, but 
diminishes at different rates for different 
directions. This probability of position per 
unit area is constant around the circumference 
of an ellipse whose centre is P and of which 
the tangent lines at P to the two circles are 
conjugate’ dia- 
meters (see Fig, 
9). One of these 
ellipses is such 
that the prob- 
ability of the 
position lying 
within it or out- 
side it is one- 
half. An ellipse 
of three or four 
times the linear dimensions gives something 
closely approximating to certainty of position. 

It should be noted that similar results hold 
in all cases where a position is fixed by means 
of two position fines, each of which has a 
definite probable error of lateral displacement. 

When three or more position fines are found 
for the purpose of determining a “ fix,” and 
they do not pass through a point, the most 
probable position must be determined by the 
method of least squares, but it is not possible 
to make any simple statement as regards the 
way in which the rate of decrease of the 
probability of position per unit area varies 
with variation in direction. 

This method of position fixing is almost 
always used for fixing soundings when making 
a survey. The sextant used in such case is 
of special construction, and is called a 
sounding sextant. (Por description see under 
“ Sextants,” § (20).) 

(ii.) T?ie Bearing Plate or Pelorus . — Owing 
to the impossibility in many cases of obtaining 
an all-round view from the standard compass, 
it is necessary at times to employ subsidiary 
means for taking bearings when the standard 
compass cannot be used. The bearing plate 
used for this purpose consists of a circular 
brass circle, divided into degrees, slung in 
gimbals so as to remain horizontal when the 
ship rolls. A concentric circle fits inside the 
brass one, and is also graduated. This is used 
like a compass card, and is set so as to show 
the course by standard compass against the 
zero of the brass circle, used as a lubber 
fine. The ship’s head must of course be 
kept steady while an observation is being 
made. A sight vane fits over the brass circle 
and is used in the same way as the azimuth 
circle of the standard compass. When a 


bearing is taken it can be read relatively to 
the ship’s head on the outer circle or relatively 
to the standard compass on the inner one. 

(iii.) Sounding Machines . — When soundings 
are required in water too deep for the ordinary 
hand lead a sounding machine is used. It 
consists of a framework supporting a drum 
round which is wound about 300 fathoms of 
7-strand wire. The drum can revolve freely 
on its axle, can be braked, or can be wound 
up either by hand or by electric motor. The 
wire is led from the drum through a block 
at the end of a spar 30 to 40 feet long, pro- 
jecting beyond the ship’s side, and at the 
end of the wire is a short length of hemp 
rope to which a 24-lb. lead is fixed and also 
a brass guard tube, the latter being about 
6 feet above the lead. A dial indicator on 
the machine shows how much the wire has 
run out. When sounding from a ship at rest 
the length of wire run out gives the depth 
immediately, but when the ship is under way 
the lead does not sink straight down but trails 
away aft. In such case the depth is deter- 
mined by the “ chemical tube ” — a glass tube 
open at one end and sealed at the other. The 
inside of this tube is fined with chloride of 
silver, coloured red. The tube is placed 
inside the guard tube open end downwards, 
and the sea-water has access to it through 
holes in the guard tube. As the lead sinks 
water enters the tube compressing the air, 
and the length of the tube thus filled is 
connected with the pressure, and therefore 
with the depth, by a simple extension of 
Boyle’s law. This length is immediately 
visible when the lead is hauled up, as the part 
of the chloride of silver that has been in 
contact with sea-water is turned white and 
can be measured. As a check upon the 
accuracy of the sounding, as found by the 
chemical tube, the amount of wire run out, 
which is a function of the depth and the 
speed, can be used. 

In very deep water great advances have 
recently been made by sounding by acoustical 
methods. If a small charge be exploded near 
the ship’s side the reflected sound wave from 
the bottom of the sea can be easily detected. 
With suitable means for accurate measurement 
of the time between the explosion and the 
echo it is possible to determine the depth with 
a very close degree of accuracy. 

Another and somewhat similar method is 
to drop overboard an explosive charge which 
sinks at a uniform speed which is know. 
The charge explodes on striking the bottom, 
and the elapsed time before the explosion 
is heard leads to a determination of the 
depth. 

§ (18) MltTITODS OF NaUTIOAL ASTRONOMY. 
— When out of sight of land the navigator 
has from time to time to obtain his j)osition 
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by moans of observations of the sun or stars. 
A measurement is made by a sextant of tlio 
angular altitude of the heavenly body above 
the sea hori7A)n, while the time is noted by a 
ohronomotor whoso error on G.M.T, is known. 

' Astronomical observations arc also necessary 
to cheek from time to time the error of the 
oompasa. To this end an azimuth mirror 
is littcd to the standard compass for the 
purpt)30 of taking the bearing. The time 
being noted when the bearing is observed, 
and the latitude and longitude of the ship’s 
positiori being Icnown with suflicicnt accuracy, 
the true bearing of the sun can bo calculated 
and the compass error determined. 

Occasionally special instrumonta are used 
for the purpose of measuring the depression 
of the visible horizon below the true horizontal. 
Tabulated values of this depression are avail- 
able, but are sometimes inaccurate owing to 
abnormalities of tiro refraction. 

§ (19) Tina Skxtant. (i.) JJescriplion. — 
After the maiinor’s compass the next most 
important instrument that the navigator uses 
is the sextant. With it ho measures tlio 
angular altitutles of the sun ami of the stars 
above the visible horizon. From these obsorva- 
tions his position on the earth’s surface is 
dotorminod. With the sextant also ho 
measures horizontal angles between visible 
terrestrial objeobs from whioli his position 
when near laud can bo plotted upon the chart. 

Simple in principle and simple in oonstrue- 
tion as the sextant is, it was not invented 
until nearly the middle of the eighteenth 
century, and earlier navigators liad to measure 
altitudes by the oross-staff, a wooden apparatus 
resembling a T-square with throe sliding 
crosses of unequal lengths. The instrument 
was held with the long arm of thoT horizontal, 
and the observer looked along this and 
maintained it so as to bo in the cUreotion of 
the horizon, Ono of the orossea was then 
moved until its upper edge was in line with 
the sun’s centre and the altitude read off from 
a scale of tangents. A modifted form was the 
back staff, in whioh the observer turned his 
back upon the sun and hold his instrument 
so tliat light from the sun passing through 
ono slit fell upon another. If at any time the 
observer could through this second slit see 
the sea horizon his sight was corrootly made ; 
if not, the slit nearest to the sun needed setting 
up or down. The cross-staif, or fore staff, and 
the back staff were the principal measuring 
instruments in use by all the great navi- 
gators of the Middle Ages. Cabot, Columbus, 
Hawkins, Drake, Raleigh made tlioir great 
voyages by no other aid tl\an theirs. Chrono- 
meters, as we know them, that will keep a 
fairly steady rate for months on end} had not 
boon designed. The lunar distances of stars 
wore not then tabulated, so that they could 


make no olworvations for longitude, and their 
“ sights ” (ionsisted merely of the clotormina- 
tion of the latitude at noon. About 1064 a 
reflecting form of backsight was invented 
by Hooke, but a cursory examination of its 
design sliows that it was not projiorly a 
sextant, inasmuch as a small tilt of the 
instrument in the vertical plane would throw 
the images of the sun and tlio horizon out of 
oonlaot. Presumably for this reason it was 
never used, and although reinvented by 
Grandjoan in 17112 {Fig. 10), and approved 



by the Acad6mie Iloyalo des 8ciencoa do 
Paris, it was not until a double-mirror instru- 
ment was designed a few years later that 
the navigator iioaaeasod anything eoiTospond- 
ing to tho sextant as wo now know it, an 
instrument that can be tilted in tho voitical 
plane and yet maiutaius cuntacit between the 
imago of tho sun and tho image of the luirizon. 
This oondition oan only bo realised provided 
both images are formed after an oven mimher, 
or both after an odd number of refloetious. 
Customarily tho sun is relleeted twice and tlio 
horizon not at all ; but several designs have 
been produced in whioh each is rofleotod once, 
or in whioh one is relleotod onoo and tho 
other throe times. As to who was the first 
designer of the sextant is not known with 
certainty. Popularly it is aseribod to Hadley 
in 1731 ; but Newton certainly designed one 
independently about tho same timo, and 
there are claims of one designed by an 
American merchant captain of an oven earlier 
date. 

In all these earlier fonns of sextant tho 
main principle is shown in Fig. 11. It 
oonslsts of a framework or limb A to whioh 
is attached a fixed mirror H, the horizon glass. 
Tho limb is in the form of a sector of a ctirolo, 
and a movable arm R, the index arm, oan 
rotate round the centre of this circle. Fixed 
to the index arm and rotating witli it is 
tho index glass I. Tho horizon glass is usually 
silvered over half its area, so that the observer 
looking horizontally into tho horizon glass 
can see the twice-rofleoted imago of tho sun 
in the silvered iiortion and then also see tho 
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horizon directly through the unsilvered 
portion. By using a small telescope T 
attached to the limb these two images become 
superposed, and, the telescope being usually 
of the inverting type, the field of view is as 



shown in Fig. 12. When exact contact is 
made the measure of the sun’s altitude is 
twice the angle between the two mirrors, 
and can be road off from a scale engraved 
on the arc of the instrument. By cutting 
this scale in “ sextant degrees ” — i.e. 720° to 
the complete circle — the altitude measured can 
be read direct. 

The use of the instrument requires consider- 
able practice before the observer can become 
proficient. The sun is first of all “ brought 
down ” to the horizon. To do this the index 
arm is sot somewhere near zero and the 
sextant held in a vertical plane, but with 
the sight lino directed towards the sun instead 
of horizontal. Two images of 

® the sun Avill then be seen — 
one in the silvered and one in 
the unsilvered portion of the 
horizon glass. The sextant is 
now brought slowly down to 
its normal position, moving 
Fia. 12. the index arm all the time 
while this is being done in 
order to keep the reflected sun in the horizon 
glass, until ultimately the horizon appears 
through the unsilvered portion. “ Bringing 
the sun down ” is usually carried out with the 
telescope removed so as to give the observer 
a greater angular field of view. 

When the sun and horizon arc both visible 
in and through the horizon glass the index 
arm is clamped to the limb and the telescope 
shipped, the final adjustment necessary to 
make contact being clone by means of the 
fine -motion screw* or “tangent screw” F 
attached to the ann. The final adjustment 
in itself requires care. If the sextant is 
“ rocked ” — i.e. given a small angular rotation 
round the axis of the telescope — the sun will 
move relatively to the horizon as shown in 
Fig. 12, and the adjustment is only correctly 


made provided that in its motion across the 
field of view the sun swings just to touch the 
horizon and just does not dip into it. To 
keep the sun in the field of view while this 
rocking motion is being made, the whole 
instrument has to be suitably turned in 
azimuth. By acting as described above, the 
navigator makes a measurement of the 
apparent altitude of the sun’s lower limb 
above the visible horizon with an accuracy 
of observation normally of about 30". 

The sextant has, in addition to the parts 
described, other fittings that need to be referred 
to. Shades S are placed between the two 
mirrors in order to reduce the brightness of 
the sun. They consist of pieces of dark glass 
with parallel faces and of different densities. 
If not made with their two faces exactly 
parallel they will refract the light passing 
through them, and a consequent error in the 
measurement results. With a shade that is 
prismatic this deviation will be greatest if the 
edge of the prism— i.e. the line of intersection 
of the two plane faces — is at right angles to the 
hmb, and will be zero if the edge is parallel 
to the limb. As the shades need to be 
mounted loosely in their frames on account 
of the variation in temperature that a sextant 
has to withstand, and as the circular form is 
the most convenient to make, the shades 
have ordinarily to be made of glass so nearly 
parallel that light passing through it is not 
deviated by more than 5". The shades are 
usually four in number and of densities such 
that the transmission ratios are 1 in 40, 1 in 
400, 1 in 7000, and 1 in 35,000, but such 
figures are very approximate. 

Three shades and sometimes four are also 
placed behind the horizon glass. The sextant 
has at times to be used with a second image 
of the sun reflected in a mercury trough, 
instead of with the sea horizon. There is 
also frequently a good deal of reflected Mght 
from the surface of the sea, and a special light 
shade is included, to cut off some of this glare. 
Sometimes also a Nicol prism is placed behind 
the horizon glass to cut out the polarised light 
reflected from the water. 

(ii.) Errors . — The sextant in use is always 
subject to errors of varying amounts. The 
mirrors are not rigidly held, and change their 
position ; and an examination of the value 
of the zero error, which is the most important 
of the first-order errors, is necessary from day 
to day. The determination is made by the sea 
horizon, or by the measurement of the sun’s 
diameter “ on and off the arc.” Another 
first - order error is that of centring, the 
scale being cut from a point which is not the 
working centre. Sextants are tested in this 
respect at the National Physical Laboratory. 
The amount of deoentration which is allow- 
able in order to comply with the N.P.L. 
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test, that the error must not exceed 40 socoiida 
of reading, lies between about one-thousandth 
of an inch in the directitai of the middle 
leading and about three-thousandths in the 
direction at right angles, with a sextant of 
7-inch radius. Whether the value of the 
centring error as given in the N.R.L. ccrtilicatc 
is 2^crmanont is a very doubtful jjoint. The 
sextant in use is GX2)usod to hot sunlight on 
one edge of the limb while the rest is in shadow. 
Some sort of deformation of the limb must take 
place, and it is quite i)os8iblo that an additional 
minute or two of centring error is introduced 
every time the sextant is used in the troiucs. 
Makers of sextants have frequently contributed 
to the risk of this trouble by iinishing the 
limb a dull black, but of late there has been 
a tendency to make sextants in which the 
metal work is much loss absorbent of heat. 

Iidrst-oi’dor errors also arise from the shades 
and mirror being made from non-parallel glass. 
The worst olTect on the reading oeours when the 
“ edge ” of the prism is pcr{)ondicuiar to the 
l)lano of the limb, no error being caused when 
this edge is jjarallel to the limb. If shades 
wore mountciL so as to bo non-rotatablo the 
])rismatic error wouhl always bo of the same 
magnitude and might bo included in the zero 
error, although it would involve a separate 
oorreotion for each shade. 

A prismatio horizon mirror gives rise also 
to a constant error, but with a prismatic 
index mirror tho resulting oorrootiou is 
different for oaoh reading and increases rapidly 
towards tho higher angles. As a consoquonoo 
it is nooossary that mirrors should be made 
with a high order of aoournoy in parallelism. 
In addition to absolute error tliero is also 
trouble in tho dui)lication of an image if tlio 
mirror is of nc)n-j)arallol glass, one image 
being formed by light reflootcd from the first 
surface of tho miiTor, the {)thor by light 
reflootod at tho back. A simple practical 
test for jiarallolism of tho mirrors is obtained 
by observing through the highest - power 
toloBOopo tho image of a star seen niter rofloo- 
tion at tho two mirrors, tho index mirror 
being sot to tho top end of tho arc. If under 
these odnditions no duplication of the imago 
is noticeable the mirrors are quite good enough 
for tho i)urpo8e. 

Tlio Hofioncl -order errors of a sextant are 
duo to throe principal causes, viz. wont of 
pori)ondiouiarity of tho two mirrors to tho 
];)]auo of the limb and want of parallelism of 
the lino of sight to tho same j)lano. Wliea all 
those throe defects occur together tho resulting 
error in the reading can be shown to bo 

e“2 oosoc R |a® oos (d-i- JR) cos (d- JR) 

-t- oos d oos {d ~ J R) - 7® sin® JR 
-2f3y sin JR sin (d - JR) + 27a sin d sin JR 
— Ba/a oos d cos (d - JR) { , 


whore R is tho value of the reading, d the 
“ sextant angle,” viz. tho angle between 
the normal to tho horizon mirror and the 
axis of tho telescope, and a, /t, 7 are tho 
errors t)f the iud(« mirror, horizon mirror, and 
lino of sight respectively. If R is zero the 
value of e is not zero unless a~f). This fact 
is clearly obvious, as, without this condition, 
the two mirrors cannot ho moved so as to 
bo i)arallel to one another, and tho two 
images of tho same point cannot ho made to 
jjass over one another. 

All sextants are [irovidcd with moans to 
adjust the aocoud-orclor errors. Tho i)rocodure 
is, usually, to set tho index mirror so that its 
l)lano apiH’oximatoly biscKds tho arc. One 
end of tho arc can then be seen directly and 
the other by rellootion in the index mirror. 
The latter is then adjustc'd until tlic two viou's 
of the are are coincident. W'licu carefully 
dune the value of a should not exceed two or 
(hroo minutes. Having set uj) tho index 
mirror, tho horizon mirror is tlion adjusted 
so that tlio two images of a distant fioint 
can 1)0 made to pass over one another. As the 
telescope can bo used for tliis ])urposo, a and fi 
can be made equal to within ten seconds or so. 

Tho adjustment fif the eollimation error is 
much more troublesome. The telescope is 
somotimes mounted in an adjuslahlo collar 
with two small setting screws, but tho adjust- 
ment is hard to make at sea and, indeed, is 
not often attempted, '[fho weakness of tlio 
rising 2)iece and tlu' imsubstantiul design of 
the framework of tlie limb are so eonsidcrablo 
in some soxtants that slight pressure between 
tho ocular end of tlio tolo8ooi)e and the side 
of the nose may oause a temporary eollimation 
error when the iustrumont is in use. In 
addition the observer may take his observation 
away from the centre of the lield, so that tho 
value of 7 is of necessity higher than a or /t. 
If wo talie a and eciual and com])arativoly 
small relatively to 7, tho approximate value of 
the error is 

= - 7^ tan JR 4 47a sin JR cos (a - ,JR) see JR, 

Tho value of this is negligible at small angles. 
At 90® it becomes "-7*4 2‘ir>7a, and at RU)'’, 
which is about tho maximum obsorvablo 
angle, - 2*14y®4 4‘H57a, 

It will bo soon from tho abovo that if tho 
errors of tho mimirs aro carefully eliminated 
tho error of the reading is inconsiderablo 
except at tho high angles, and that for sea 
work, whore altitudes do not exceed 90®, 
eollimation error of a degree is not sciious. 
On tho other hand, it the mirrora are out of 
adjustment an eri’or of reading of four or 
hvo minutes is quite possible. 

§ (20) Koums oif Sextants.— N o very groat 
change has been made in the design of sextants 
since tho time of Hadley. With improvomeuts 
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in tlie methods of cutting the scale and with 
the use of more accurate verniers for reading, 
it has been possible to reduce the radius of the 
limb without any loss in accuracy. Older 
])attorns frequently had a radius of as much as 
16' inches as against the 7-inch radius that is 
customary nowadays. Telescopes have been 
imirrovod and have now better definition and 
larger field of view than formerly, but there is 
a limit to what is possible in the latter respect 
owing to the difficulty in increasing the size 
of the mirrors. Some improvement is possible 
if the mirrors are replaced by reflecting prisms 
in which the refractive effect of the glass can 
bo utilised to give an enlarged aperture. For 
example, if a prism of angles dS®, 45°, and 90° 
(see Fig. 13) be used, a reflection can be 
obtained when the 
incident light is 
parallel to the re- 
flecting face and at 
the same time the 
breadth of the re- 
flected beam is about 
a quarter of the 
length of the reflect- 
ing face. If a mirror 
had been used in this way the breadth of the 
reflected beam would be nil. 

A prism used for reflection in place of a 
mirror need not have its angles exactly 45° 
and 90°, but the two base angles should be 
equal. For ordinary sea work the difference 
between the two base angles should not 
exceed half a minute, although an error up 
to ten minutes is permissible provided a suit- 
able correction is applied to the reading. 
The value of the latter is very similar in its 
magnitudes to a centring error, and if the 
centre is made adjustable it is quite possible 
to throw the working centre out so that the 
true centring error thus introduced neutralises 
the prism error and loaves a balance of error 
below twenty seconds for all points of the 
arc. 

The use of a prism in place of a mirror 
on the index arm gives another advantage. 
In order to obtain a wide range of readings 
(up to 130°) the sextant angle needs to be 
kept down to about 15°. This involves 
considerable space being left between the end 
of the tolosoope and the horizon mirror and 
between the latter and the index mirror in 
order to avoid, any cutting off of light. The 
more those distances are increased the more 
difficult it is to obtain a wide external 
field of view. With the use of a prism 
to replace the index glass the sextant 
angle can bo made larger and the spacing 
of the different parts much reduced with- 
out any loss in the working range of the 
sextant, and with actual gain in aperture 
at the high angles. Modem improvements 


in the production of prisms may possibly 
result in their rejplacing mirrors entirely in 
sextants. 

Another direction in which tentative efforts 
at improvements in design have been made 
lies in the method of reading the arc. Under 
good conditions of illumination and with 
plenty of time to spare there is no great diffi- 
culty in reading a 7-inch sextant to ten or 
twenty seconds, but at night-time at sea it 
is much more difficult, and efforts have been 
made on the Continent to provide the navigator 
with a sextant which is easier to read and on 
the whole good enough for his needs. The 
usual form that this improvement has taken 
is the provision of a worm gearing round the 
edge of such a pitch as will give 720 teeth to 
the complete circle. The head of the worm 
is divided into sixty parts and a reading can 
be made with great ease. No great difficulty 
is experienced in obtaining accuracy within 
a minute, although there is always danger of 
burring the teeth of the gear by accident. A 
circular rack-and-pinion movement has also 
been tried for the same purpose, but not with 
the same success. 

In addition to the ordinary sea uses of 
measuring the altitudes of heavenly bodies, 
sextants are' sometimes required for the 
accurate determination of latitude and longi- 
tude of places on shore, or for the determina- 
tion of the errors of chronometers at a place 
whose position is accurately known. In such 
eases the measurement of the altitude is made 
between the sun or star and its reflected image 
in a mercury trough. Usually a higher degree 
of accuracy is required with such an observa- 
tion and the sextant is fitted with a telescope 
of higher power and has an arc of larger radius 
cut sometimes to 5 seconds. For the purpose 
of this type of observation the sextant is 
usually mounted on a stand, which is a light 
three-legged pedestal with a universal joint 
at the top to which the sextant is clamped. 
After an observation has boon made a sextant 
has to be turned up to take the reading, and 
various stops are sometimes fitted to the 
stand so as to permit of the sextant being 
immediately turned back again to precisely 
the same position as before. In order to 
reduce errors of observation the navigator 
generally likes to make three observations at 
sea and at least five on shore, the mean of 
the altitude being assumed to correspond 
with the mean of the time. To avoid delay 
in having to read the sextant after each 
observation, various devices have been em- 
ployed. In one such device the tangent screw 
is fitted wth a ratchet and the pitch of the 
screw chosen so that each tooth of the ratchet 
is equivalent to one or two minutes change 
in altitude. With such an arrangement tjie 
navigator can obtain a set of observations 
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and does not need to read the sextant until 
they are completed. 

Anotlier device is hy the use of a reflecting 
prism of small angle which is placed beyond 
the horizon glass. The edge of this prism is 
perpendicular to the plane of the limb, and 

according to 
whether the 
prism is placed 
base up or base 
down the hori- 
zon is lowered 
or raised. A 
set of -three 
observations 
can be made 
(i.) by using 
the prism base up (see Fig, 14), (ii.) by 
removing it entirely (see Fig. 16), and (iii.) 
by using it base down (see Fig. 16). The 
mean of the three altitudes will be the sextant 
reading irrespective of the angle of the prism. 

Another use to which sextants are frequently 
put is the 
measurement of 
horizontal angles 
between tAvo 
fixed marks. In 
a hydrographical 
survey the posi- 
tions of sound- 
ings are usually 
fixed in this way, 
two horizontal 
angles betAveen three fixed objects being 
measured as nearly as possible simultaneously. 
The position of the sounding is subsequently 
plotted on the chart by means of a station 
pointer sot at the measured angles. The 
sextant used for this purpose differs only 

slightly from 
the ordinary 
pattern. It 
usually has a 
shorter radius 
as a smaller 
degree of ac- 
curacy is neces- 
sary, the shades 
are abohshed, 
and the tele- 
scope is of the Galilean variety so as to 
give an erect image. Efforts have been 
made to give the observer as Avide a field 
of vioAV as possible and also to make the 
sextant easy to read. Various types of 
“ double angle ” sextants have been tried in 
which the two angles can be measured at the 
same time, so as to avoid the objection of a 
lapse of time while the first angle is being 
road. 

. § (21) Bubble and PBNDTiLxrM; Sextants. — 
Owing to the difficulty that is frequently 
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experienced at sea of seeing any horizon, 
attempts have been made many times to 
replace the sea horizon by some form of level 
or vertical that is controlled by gravity. In 
some of these devices the method adopted is 
to reflect into the field of Anew the image of 
the bubble of a spirit-level which indicates 
the direction of the vertical (see Fig. 17). The 
observation is made by bringing the centre of 
the sun to the centre of the bubble. In others 
a horizontal line moves up and doAvn in the 
field of view Under the control of a pendulum, 
and is exactly opposite a fixed pointer when 
the telescope is pointing towards the true 
horizon, so that when the sextant is held true 
and steady, observations of the stm can be 
made down to this artificial horizon in the 
same way as it is usually brought down to 
the visible sea horizon. 

Of the two arrangements the bubble is 
preferable as it is self-damping if the liquid is 
sufficiently viscous, and there is an additional 



advantage that, with proper optical arrange- 
ments, the images of the sun and bubble will 
follow one another across the field even when 
the instrument is tilted in a vertical plane. 
Such an instrument can properly be called a 
sextant. The pendulum instruments are, more 
strictly speaking, clinometers. 

All sextants of this type are very severely 
handicapped by the movement of the ship 
and consequent horizontal accelesation of the 
observer and the sextant together. The 
bubble or pendulum sets itself under such 
circumstances not in accordance with the true 
vertical but with the false dynamical vertical 
compounded of earth’s gravity and horizontal 
acceleration. Horizontal accelerations of 1 ft. 
per sec. per sec. are common. Such accelera- 
tions are only very approximately periodic, 
and the observer finds that if he brings sun 
and bubble together at noon, the former will 
wander up and doAvn relatively to the latter 
by the amount of a degree or two on either 
side, and generally so slowly that it is im- 
possible to form even an approximate idea^ of 
the mean position. Any method of damping 
that is practically available serves only to 
damp out the rapid vibrations of the observer’s 
hand and leaves the slow oscillations un- 
touched. In ordinary weather in the Atlantic, 
I where the ship necessarily rolls and pitches. 
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and has further alternating horizontal ac- 
cselerations due to the “ send ” of each suc- 
ceeding wave, the probable error (even chance 
error) of a single such observation taken from 
the bridge may be put at about 20 minutes 
of arc. This must be multiplied by four to 
give the navigator something approximating 
to certainty, with the result that, having taken 
such an observation and laid down his position 
line on the chart, he has then to draw two 
others eighty miles on either side, and his 
“ sight ” tolls him that it is reasonably certain 
that the slii])’s position is somewhere on the 
160-mile strip so dra^vTl. 

The above statement explains how it is that 
bubble sextants wMch have an accuracy of 
two or three minutes when used on shore, and 
perhaps ton or fifteen minutes when used on a 
cross-channel voyage where alternation of 
aocelex-ation is more rapid, fail entirely when 
used in open sea. Nothing can possibly 
succeed there except a gravity controlled 
pendulum whose period of oscillation is con- 
siderably longer than the periodicity of the 
ship’s acceleration, and the only practical form 
is some sort of gyrostat. 

One such device has already been tried with 
a certain amount of success, Admiral Fleuriais’ 
gyro sextant. The mechanism is complicated 
and need not bo dosoribod in detail. The 
gyro is spun by an air blast from a pressure 
tank pumped up by hand. An optical arrange- 
ment i^roduces in the field of view of the 
tolosoopo a spot of light which is reflected 
from the ease of the gyro. The speed and 
weight of the gyro are insufficiently great to 
give the requisite length of period, and although 
the probable error of a single observation is 
distinctly lower than 20 ■ minute value of 
the bubble, it is still not low enough 
for the instrument to be of real practical 
utility. 

There appears to be no reason why the 
master gyro compass should not be modified 
so as to give an approximately horizontal 
level that can bo reproduced on the bridge 
by the repeater mechanism. A mirror at- 
taohed to the repeater could then be used in 
a similar manner to the mercury trough used 
on shore. 

§ (22) Thid Abtifioiai, Hobizon. — When 
taking sights on shore with a sextant the 
angular measurement is made between the 
sun or star and its image in a trough of mercury. 
The latter has usually a surface of about 
3 by 5 in., and is covered by a glass shade to 
protect it from being disturbed by the wind. 
The glass of the shade should be made with 
its faces accurately parallel, but owing to the 
difficulty of doing this it is customary to 
eliminate the error by taking two sets of 
observations, the shade being turned end for 
end between the two sets. 


Disturbance of the mercury surface can he 
imevented by using a very shallow pool of 
it upon a flat copper plate which has been 
amalgamed and levelled. Surface tension in 
such case permits of the use of a pool less 
than a millimetre deep, and if the copper 
plate is amalgamed only on its upper 
surface there is no risk of the mercury 
running off. 

This arrangement is also very suitable for 
cleaning the mercury, which can be done by 
passing a glass rod lightly over the surface, 
when all the impurities of the mercury are 
collected on the rod. 

§ (23) The Azimuth Mirror. — In order 
that the navigator may be able to take bear- 
ings of distant objects on the horizon or of 
heavenly bodies, the standard compass is 
usually fitted with a special arrangement to 
enable him to do so. The earliest form of 
this consisted merely of a foresight and back- 
sight that could be trained on the object. 
The reading of this direction on the compass 
card could be approximately accomplished at 
the same moment. 

For bearings of the sun a vertical shadow 
pin was fitted over the centre of the card and 
the bearing of the shadow read directly. 

An improvement of these two methods is 
the Kelvin azimuth circle, in which a reflect- 
ing surface, usually in the form of a prism, is 
mounted above the compass. This prism is 
capable of a rotating movement round a 
horizontal axis, which has to bo turned in 
azimuth so that it is at right angles to the 
vertical plane through the centre of the 
compass and the object (terrestrial or celestial) 
that is being observed. By turning this prism 
round its axis to a suitable position light 
from the object is reflected to a direction 
making about sixty degrees upwards from the 
horizontal, and the image so seen can be made 
to appear to tbe observer to be close to the 
nearest edge of the prism. In Fig. 18 a 



vertical section of the arrangement is shown, 
the plane of the paper being taken to be the 
vertical plane in which the object lies. The 
horizontal axis of rotation P is perpendicular 
to the plane of the paper. Light from the 
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brirly S is reflected in the face FE, and the 
observer can move his head into such a 
position that the object is seen close to the 
edge E. Below the prism is a lens L. whose 
axis also in the plane of the paper passes 
through the divisions D of the compass card 
DD'. The focal length of the lens is LD, so 
that the imago of the divisions appears to 
the observer to be at infinity. Provided the 
focal length is also equal to the radius of the 
card, the angular breadth of a division as seen 
by him will be 1°. This is of importance, as 
otherwise two objects on the horizon 1° 
apart cannot be placed against two con- 
secutive divisions of the card at the same time, 
and a sideways movement of the observer’s 
eye will have a parallactic influence on the 
bearing as he reads it. Further, it is dear 
that for observations of objects on the horizon 
it is not essential that the object shall lie 
exactly in the plane through the centre of 
the compass at right angles to the axis of 
the mirror. For objects not on the horizon, 
however, the case is different. Two objects, 
each at altitude a and differing in bearing 
by 1°, are distant 1° cos a apart, and therefore 
cover this area on the image of the compass 
card. When one object appears on a division 
of the card the other will be at a distance 
l°(l-C08a) from the next division. In 
theory, therefore, it is necessary to turn the 
azimuth mirror round so that the object 
(observed hes in the correct vertical plane. 
If the azimuth mirror is directed K° wrong 
in azimuth the error in reading will be 
K°(l - cos a). The Kmitations of size of the 
mirror and lens make it impossible to see the 
object if K° exceeds 10°, and navigators, as 
a rule, are chary of trasting to bearings of 
heavenly bodies of greater altitudes than 30°, 
but, even so, there is a possibility of error of 
nearly 1J° in the bearing. With an altitude 
of 45° this error is increased to 3°. 

A further source of error at sea lies in the 
fact that when the ship is rolling or pitching 
neither the compass card nor the compass 
bowl, to which the mirror is fixed, is correctly 
horizontal, but is probably perpendicular to 
the false vertical of the moment. Azimuths 
are then being measured with reference not 
to the true vertical or horizontal but to the 
false, and the error made will be zero 
only when- the false vertical is in the 
plane containing the object and the true 
vertical. 

A second method of using the Kelvin mirror 
is available for objects on the horizon. This 
method involves the reflection of the card by 
the mirror, so that the observer has to look 
directly at the distant object and read its 
bearing against the divisions of the card as 
seen after transmission through the lens and 
reflection at the prism {Fig. 19). 


A somewhat similar instrument is the 
Admiralty azimuth mirror used on the gyro- 
compass repeater. A vertical sectional view 



of this arrangement is shown in Fig. 20. 
The card is viewed through a lenticular prism 
A, two faces of which are plane while the third 
has a curve worked upon it. This prism 
becomes in effect a lens whose focal length is 
approximately the radius of the card, so that 
divisions of the card are projected to infinity 



and two adjacent marks subtend 1° at the 
eye. Light from the sun or a star is reflected 
at the face EF of a prism capable of rotation 
about an axis perpendicular to the plane of 
the paj)er. 

As in the Kelvin azimuth circle, errors arise 
in the case of bearings of objects not on the 
horizon, the amount of the error being exactly 
the same as before. 

Various other types, similar in principle to 
the above, are also in use at sea. In all of 
them, in addition to the errors mentioned, 
there are defects in construction to be reckoned 
with which make the total error somewhat 
more complex than the expression K(1 - cos a) 
that has been considered. The full investiga- 
tion of these errors is too long for it to be 
possible to make a detailed examination of 
them here. 

The azimuth mirror is in constant use at 
sea for the purpose of obtaining the deviation 
of the compass when out of sight of land. A 
“ time azimuth ” observation is made, and 
the navigator calculates the true bearing that 
the sun or star had at the moment of his sight. 
To do this with absolute accuracy requires 
exact Icnowledge of his position on the surface 
of the globe, and this exact knowledge he 
seldom has ; but, in general, his position is 
known to within a few miles, and the true 
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bearing can be calculated -with a precision of 
a quarter of a degree. If tliis type of sight 
cordd always be made on Polaris or some star 
very close to the pole, whose bearing changed 
only slightly during twenty-four hours, very 
large errors could be allowed in his knowledge 
of his position without appreciably affecting 
the result of his calculation. 

The true bearing being calculated, the 
observed bearing gives him the total compass 
error. 

§ (24) Measurement oe the Dip of the 
Sea Horizon. — All methods for the measure- 
ment of the depression of the visible horizon j 
are based on the assumption that the amount 
is the same on all azimuths. Hence, if the 
angular distance is measured between two 
points on the sea horizon differing by 180° 
in azimuth, this angular distance will be in 
defect of 180° by twice the dip. 

In Fig. 21 is shown the general optical 
plan of an instrument used specially for the 

Eyepoini 


image Plane, 



Fig. 21. 

purpose. Two object glasses of equal focal 
lengths are placed at the right- and left-hand 
ends of the instrument. In the centre are 
two prisms C, cemented together, which 
reflect the light coming from the two object 
glasses upwards. The two object glasses have 
a common focal plane on the upper horizontal 
face of these two prisms, so that the cemented 
interface is seen as a dividing line of the field 
in sharp focus. A refracting prism P can. 
be moved longitudinally between the right- 
hand OG and the central prisms, and its motion 
causes the images of the sea 
horizon to be displaced .re- 
latively to one another (see 
Fig. 22). The prism P can 
thus be adjusted so as to 
bring the two sea horizons 
into line, and the distance of 
P in front of the common 
focal plane is thus a measure of the dip. The 
instrument has to be made shghtly more 
complicated, as with this arrangement it is not 
possible to measure down to zero depressions. 
A modification is made by interposing a fixed 
refracting prism between A and C, and by 
this means bringing the zero position of P to 
a point between C and B. 

Another method of measurement of the dip 
is by means of a prism, designed by Lieutenant 
Blish of the U.S. Navy, which can be attached 
to the sextant, as shown in Fig. 23. If the 


two reflecting faces, A and B, are exactly at 
right angles to one another the image of the 
back horizon, as seen by way of the prism. 



over the observer’s head, is displaced 180°. 
The observer consequently sees two images 
of the sea horizon — one erect and the other 
inverted — which he can bring together by 
j adjusting the index arm of the sextant. If 
there is no zero error of the sextant the sextant 
reading rmder such circumstances is twice the 
dip. In actual use this reading has to be 
corrected for zero error and for error of the 
prism from 90°. 

§ (25) Methods of Directional Wireless 
Telegraphy. — During the European War the 
development of the detection of the direc- 
tion of travel of wireless waves made very 
great advances.^ Directional wireless stations 
were set up m various parts of the country, 
and by their means the direction in which a 
wave reached a station could be determined 
with an accuracy of the order of half a degree, 
even when the intensity of the wave was only 
very small. When two stations, say a hundred 
miles apart, picked up, directionally, the same 
wireless signal, a short comparison between 
the two observed bearings enabled the position 
of the sending station to be fixed with an 
accuracy of a mile or two, and a vessel at 
sea in doubts as to her position had only to 
send out a wireless signal for the shore stations 
to pick up and to communicate the position 
back to her. * 

In the earlier part of the war this method 
was used by Germany for the purpose of 
navigating her Zeppelins across the North 
Sea during their raids on England and Scot- 
land; butultimatelythemethod was abandoned, 
as British stations, also picking up the signals, 
had a more accurate knowledge than Germany 
of an airship’s' position. British warships in 
the North Sea were in a similar situation in 

1 See “ Wireless Telegraphy Apparatus,” § (11), 
Vol. n. 
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respect of the German directional stations, 
and it soon became highly dangerous for a 
British ship to use wireless except in close 
proximity to our own coasts. Within fifty 
miles or so of our own stations, however, 
directional wireless had a very extensive use 
even in wartime, and ships were constantly 
given their position and guided into harbour 
in thick weatlier. 

Owing to the danger, from a military stand- 
point, of the ship at sea sending out wdreless 
signals, attempts -were made to install a 
directional receiving apparatus on board, but 
not with complete success. The passage of 
the wave across the metallic structure of the 
ship produces a local disturbance in direction, 
so that the “ -wireless compass ” has to reckon 
with a table of deviations more complex than 
those of the magnetic compass. In addition 
the effects of the electrical installations on 
board, being at very short range, may com- 
pletely mask the reception of signals. 

With aircraft greater success was obtained 
in the use of the directional -wireless receiver, 
and towards the end of the war the larger 
machines were equipped -with na-vigational 
apparatus that enabled them to fix their 
positions by “ cross-bearings ” of any stations 
that they were able to recognise. 

Several forms of recei-sing apparatus were 
tried. In one of the earliest the receiver was 
merely a circular or rectangular coil in a 
vertical plane capable of orientation in azimuth. 
The maximum current is set up in such a coil 
when its plane lies in the direction in which 
the wave is travelling. By turning the coil 
until the noise in the telephone receiver 
connected \vith the coil has its maximum 
intensity the direction of the signal is deter- 
mined. It is impossible, however, -bo do this 
■with anything like sufficient accuracy. No 
difference in intensity can be noticed for 
quite 20° on either side of the maximum 
position. 

When the plane of the coil is at right angles 
to the direction of travel of the wave the 
intensity is zero, but it is not possible to pick 
up this direction by trying for silence in the 
telephone receiver, as on account of the noise 
of the engines nothing at all can be heard over 
a considerable angular range. 

Two coils were thep tried, -with planes both 
vertical and at right angles to one another, 
which formed a primary and a secondary 
circuit. Suitable s-witches made it possible to 
listen-in on one coil or on both. The primary 
was first directed as nearly as possible so as 
to lie in the plane of travel of the wave by 
listening for maximum intensity. If, in such 
a position, the current in the primary is A, 
and that in the secondary B, then by a suitable 
arrangement of switches the current A-i-B or 
A-B can be passed through the telephone 


receiver, and the ear has a much nicer dis- 
crimination of the difference in the two in- 
tensities than in the search for a maximum. 
It was found possible to pick up in this 
manner the direction with a precision of about 
half a degree under the best conditions. 

In determining the actual direction in which 
the wave is received a magnetic compass ic 
also needed. The bearing of the wave relative 
to the fore-and-aft line of the machine is read 
on a circular scale attached to the movable 
coils. This bearing requires correction for 
■wireless deviation, which is approximately of 
the quadrantal type. The compass direction 
of the machine’s head requires the ordinary 
corrections for magnetic deviation and varia- 
tion. When flying directly towards or away 
from a station the magnetic compass is un- 
necessary, as the machine has only to be steered 
so that the main coil is in the fore-and-aft line 
when correctly receiving the bearing. This 
statement requires modification if the machine 
is making leeway. In such case, although the 
machine’s head is always directed towards the 
station, her actual track -will be of a spiral 
form, and she will ultimately reach the station 
coming up wind. 

§ (26) POSITIOK PlXING BY DlBEOTION-AL 
Wireless. — When making a fix by cross- 
bearings of two -visible objects, all that the 
na-vigator has to do is to draw through them 
on his chart straight lines in the requisite 
direction, and his position is their point of 
intersection. Visible distances do not exceed 
twenty miles as a general rule, and for that 
distance the effect of the earth’s curvature 
is inappreciable. For -wireless cross -bearing 
distances may go up to a thousand miles, and 
for such ranges the curvature effect is con- 
siderable. 

Different means of tailing account of this 
curvature effect have to be adopted according 
as whether the directional recemng apparatus 
is in two fixed shore stations or in the ship 
or aeroplane. In the former case the simple 
method is to plot the bearings on a gnomonic 
chart upon which great circles are represented 
by straight lines. A special “ rose ” has to 
be constructed round each station, as in such 
a chart, except at the centre, angles are not 
the same as those measured on the earth’s 
surface. As wireless waves travel, in general, 
on great circles upon the earth’s surface, the 
two straight lines dra-wn through the two 
stations to correspond -with the two received 
bearings intersect in the position of the ship. 

In the case of directional reception by the 
ship the problem is more complicated. Let 
B (see Fig. 24) be the position of the sending 
station and C that of the ship. Ordinarily the 
latter will be using charts constructed on a 
Mercator projection so that the great-circle 
track of the wireless wave will be BGC, a 
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curve which is hollf>w on the side towards the 
equator. 

The straight line BRC is the rhumb-line 
track from B to C. 

It will be seen from the figure that the 
direction at which the wireless wave starts, 
viz. TBN with the meridian, differs from the 
direction at which it arrives 
at C (T'CS with the meridian), 
which is the direction that 0 
receives, this difference being 
the sum of the two angles 
TBR and T'CR. 

For ranges not exceeding 
500 miles the Mercator pro- 
jection of a great circle may 
be considered to be of constant curvature along 
its length, so that the two angles TBR and 
T'CR are equal and of a value which may be 
shown to be approximately i diff. long, x sin 
mid-lat. 

The ship’s navigator usually knows his 
position within thirty or forty miles, so that 
the difference of longitude between B and 0 
is known to less than a degree. Hence it is 
possible to estimate to within a degree the 
value of the “ conversion angle T'CB that 
will alter the great - circle bearing that he 
receives to the rhumb-line bearing that he 
can plot. In this manner he is able to fix 
his position u^on the Mercator chart. 

Strictly speaking, having constructed the 
rhumb fine, the navigator is not entitled to 
assume that his position is 'somewhere upon 
it. The locus of all points on the earth’s 
surface for which B has the same true bearing 
is a curve whose shape is more or less that 
shown by BIG. Within the ranges under 
consideration this iaoazimuthal (or isaz) curve 
has the same curvature as the great circle, 
but moves in the opposite sense, so that BGO 
and BIG are reflections of one another in the 
rhumb line. 

The navigator’s position fine is consequently 
not a piece of the great circle CG, nor of the 
rhumb line CR, but of the isaz Cl, For all 
practical purposes, and within the limits of 
accuracy with which bearings can be taken, 
the rhumb line is good enough. For distances 
over 500 miles and up to 1000 miles the 
curvatures of the great circle and the isaz 
curves can no longer be looked upon as constant 
along their length, and a second-order correc- 
tion is necessary dependent upon the square 
of the range. 

In addition to errors in directional wireless 
bearings due to lack of sensitivity of the 
receiving apparatus, to quadrantal deviation 
due to the structure of the ship or aeroplane, 
errors arise from a species of refraction effect 
when the track of the wave runs more or 
less along a coast line. No very precise state- 
ment can be made as to the amount of this 


effect, but as a general rule there appears to 
be a drag on that part of the wave which 
passes over the land as compared with that 
part which passes over the water. It would 
be anticipated, for instance, that a wireless 
bearing of Poldhu in GomwaU, taken from a 
position near Dover, would come in from a 
direction more south than it ought to be. At 
the same time it is difficult to dogmatise on 
the point, as possibly intervening land, like 
the Isle of Wight, might alter the effect 
completely. 

This refractive effect has often been noted, 
and has usually been found to be more marked 
at ground level than up in the air. On 
Salisbury Plain, for example, bearings of 
Stonehaven taken from the ground are 
ordinarily about 2° in error. From an 
aeroplane at 2000 feet the error has almost 
disappeared. 

In addition to errors residting from the 
configuration of the laud, serious atmospheric 
effects have to be reckoned with. Their causes 
are extremely obscure, and a great deal of 
observation and investigation is still necessary 
before the navigator can make any allowance 
for them. At times there appear to be definite 
tracks of the atmosphere, sometimes in the 
form of long lanes extending for considerable 
distances, along which wireless waves travel 
with greater ease than in any other direction. 
At times of simset and sunrise very serious 
deviations occur, errors of 20° in direction 
being of common occurrence. 

Such disturbances are far more serious than 
lack of sensitivity of the receiving apparatus, 
and probably it will not be for some years 
that the causes will have been sufficiently 
investigated for the method of directional 
wireless bearings to be completely sufficient 
for a ship on a long ocean voyage. Apart 
from this question, and apart from the quad- 
rantal deviation produced by the metallic 
structure and the unscreened electrical gear 
on board, it would seem that the sensitivity 
of the receiving apparatus has already ad- 
vanced to the point that the probable error 
of a single observation is of the order of half 
a degree, and that a ship fixing her position 
by cross-bearings of three stations each 500 
miles distant can do so with a certainty of 
being upon a circle of some four or five miles 
radius. t v n 
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Newton’s Rinq.s : tho eireular intorferonce 
fringes formed between two surfaces of 
(lifforent tmrvature when illuiuinated. They 
were dosoribed by Newton, Oplics, 1704, 
and ex[)lained on the undulatory theory by 
Tlioiuas Young, 1802. When formed by 
monochroniatie light they can he employed 
to dotormino tlio cnirvatures of the surfaoos. 
Soo “ Sphesromotry,” § (7) ; “ Light, Intorfor- 
onuo of,” § (8) ; “ VVave-longth, Moaauroiuont 
of,” HD. 

Nroob IhttsM, See ” Polarised Light and its . 
Applioations,” j? (10), 

Nodae Points and Pi.ankh oe a Lions. Seo 
” ObjeetivcB, Testing of Compound,” § (1); 
also “Lenses, Tlumry of Kiiuplo,” § (7). 


Objmotivm, Kinematoqbapu, coustruetion of, 
iuid aberrations rerpiiring roduotion. »Soe 
“ Kinomatograph,” § (0). 

Mitu'osaojjo. Boo “ Mioroscopo, Optics of,” 

HI). 

Toloscopo, Soo “ Toloscopo and Tolosoopo 
Lonsos,” § (5). 

OBJECTIVES, THE TESTING OF 
COMPOUND 

Thb comx>ound optioal systems known as 
“ objoctivos ” may bo divided into throo main 
classes, namely, telosooyio objoctivos, photo- 
graphic objoctivos (or camera lenses), and 
mioroscopo objoctivos. The methods of 
testing their optical constants and general 
optioal porformanco vary considerably in 
those throo classes, but such variations are 
to a largo extent duo to difforoncos in the 
dimensions (aperture, focal length, otc.) of 
the objoctivos. Although the present article 
is mainly ooncemod with tho first class, 


O 

namely, tolosoopo objectives, a number of tho 
methods of tost to bo titiseribed will bo found 
apyilioablo to one or both of the other two 
classes.’- 

Tho ojrtical -[xirfornuraoo of any given 
oomptnmd system may be oomputod by 
moans of thoon'dical methods if all tho optioal 
data of tho system aro known to a high degree 
of accuracy.® 

It is not, however, usually convoniont to 
separate an objective into its comiiononts and 
measure their constants. In tho case of an 
objective in which ono or more of tho surfaoos 
aro locally figured it would bo jiraotically 
impossible to (Ictormine its general {lorformanco 
by disBOOting it, booauscs it woidd bo difficult, 
for example, to measure tho variations in 

‘ For moro clotallod (roatmouts of these classes 
sen articles on " Fauicra Lenses, Tho ToBtlng of," and 
*' Microscope, Theory of the." 

® For methods of incasuriiiK the opHeal constants 
of the components of a compound system, such as 
curvatures and refractive Indices, see articles on 
“ apherometry/’ “ Hperfroseopes and llofracto- 
metors," and Immersion llefractomotry." 
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curvature of its surfaces, and even if these 
could bo obtained, the theoretical computation 
would be very complicated. As a general rule, 
therefore, it is necessary to employ methods 
whereby an objective may be tested as a unit. 

The chief optical data to be determined in 
the case of telescope objectives are (1) focal 
length, (2) aberrations, and (3) general 
definition. 

§ (1) Focal Length Measurement Theory. 
— A great number of different methods of 
measuring the focal lengths of compound 
lenses have been devised ; some of these can 
only be used in particular cases, while others 
are of more general application. All the 
methods are based on the properties of the 
focal planes, unit planes, nodal points, and 
conjugate points of an optical system. The 
fundamental definitions and relations,’- proofs 
of which may be found in any text-book on 
Geometrical Optics, may be summarised as 
follows. A brief account of them is given in 
the article on “ Lenses, Theory of Simple.” 

(а) A lens is a portion of a refracting 
medium bounded usually by parts of two 
spherical surfaces. The axis of the lens is the 
lino joining the centre of these surfaces. 

(б) Principal Foci. — There are two points 
on the axis of a lens known as principal foci, 
the one in the image and the other in the 
object space, which possess the properties 
that 

(i.) Rays of light incident on the lens 
parallel to its axis pass after refraction 
through a principal focus ; 

(ii.) Rays of light diverging from a principal 
focus in the case of a convex lens, or converg- 
ing to it in the case of a concave lens, are 
refracted so as to become parallel to the axis. 

(c) Conjugate Points and Planes. — Conjugate 
points are two points on the axis such that 
the image of a small object at the one is 
formed at the other. 

Conjugate planes are planes at right angles 
to the axis through the conjugate points. ■ 

{d) Unit Points and Planes. — The unit 
points are two conjugate points for which the 
magnification produced by the lens is unity. 

The unit planes are planes at right angles 
to the axis through the unit pomts. 

Thus the image of any point in one unit 
plane lies in the second unit plane, and the 
line joining the point and its image is parallel 
to the axis. 

Unit pianos are thus planes of unit mag- 
nification. 

(e) Nodal Points and Planes. — The nodal 
points are two points on the axis such that a 
ray through the one nodal point, after refrac- 
tion through the lens, passes through the 
second nodal point, and is ])arallel in direction 
to tko incident ray. 

1 See also “ Optical Calculations.” 


The nodal planes are planes at right angles 
to the axis through the nodal points. 

(/) Principal Points. — If the media on the 
two sides of the lens, in the object and image 
space respectively, be the same, the Unit and 
Nodal Points coincide, and arc known as the 
Principal Points. (They were introduced by 
Gauss, who was the first to place on a firm 
foundation the consideration of lenses and 
consequently of lens systems.) 

The Unit and Nodal Planes similarly become 
Principal Planes. 

ig) The first and second focal lengths, 
usually denoted by / and j', are the distances 
between the focal planes and the unit planes 
in the object and image spaces respectively. 
If the first and final media are the same, f—j'. 
The cases in which the first and final media are 
air, are most commonly met with, a notable 
exception being that of microscope immoTsion 
objectives. 

(/i) If the sizes of an object (normal to the 
optical axis) and its image are y, y', and the 
angles which the object and image subtend at the 
corresponding foci are 6, 6' respectively, then 

y . . ( 1 ) 

•' tan 0 •' tan 0 ’ ' 

(i) If the distances of an object and its 
image from the corresponding foci are x, x' 
respectively, and -the magnification yjy be 
denoted by m, then 

x=^f and x' = -mf, . . (2) 

where the sign notation is the same as is used 
in the usual system of co-ordinates.® Fronr (2) 
it follows that 

-//'» 

or, in systems where the first and final media 
are the same, 

xx'=-f\ ... (3) 

In applying these relations to the practical 
determination of focal length it is of the 
utmost importance to bo able to find the 
positions® of image planes as accurately as 
possible. For very rough measurements it is 
often sufficient to form the image on a piece 
of ground glass and to estimate its correct 
position by means of the naked eye. For most 
purposes, however, it is essential to adopt 
more refined methods. It is usual to employ 
a microscope of convenient power for focussing 
on an image ; the power which one chooses 
depends, of course, on the nature of the object 
used, the kind of optical system under test, 
and the accuracy with which the position of 
the image plane requires to be determined. 
In the case of certain optical systems there 

“ In the Rcncral case the two focal lengths are 
assumed to he of the same sign. 

“ For details as to tlic methods of making some of 
these mcivsurcments, see “ Lenses, Testing of .Simple.” 
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is a considerable depth of focus and it is 
sometimes very difficult to focus accurately 
on the image. In order to eliminate errors 
due to the range of accommodation of the eye 
it is advisable, when using a microscope, to 
employ a Ramsden eye-piece and to place 
cross-wires or a graduated scale at its focal 
plane. In the case of a low-power eye-piece, 
or in making naked - eye observations, the 
position of focus may be determined by moving 
a system of cross-wires until no relative dis- 
placement between the image and the cross- 
wires can be detected on moving one’s eye 
from side to side across the field. The position 
of focus may also be found by covering the 
aperture of the system under test in such a 
way that light can only pass through two 
portions ^ at opposite ends of a diameter. 
Then two images will be observed unless the 
microscope is correctly focussed on the image 
plane. In this case it is assumed that the 
system is free from spherical aberration. A 
somewhat similar method, due to Hartmann,* 
is to allow two narrow excentric pencils of 
light to pass through the system and to 
measure the distances d^, between the 
centres of the diffusion circles in two planes 
at some distance on either side of the image 
plane. If the distances D^, Dg of these planes 
from some arbitrary point are also measured, 
the distance D of the image plane from that 
point is given by the relation 

D-Di _ ^1 

dj “ i>2 - D Dj - Di " -)- da’ 

that is, 

• • <*> 

Another accurate method of determining the 
position of the image plane of a system was 
devised by Foucault ; * in this case an 
observing microscope is not used. A small 
illuminated pin-hole is employed as the object 
and the eye is placed in approximately the 
position of the image. When 
a suitable screen, for example 
a diaphragm with a sharp M 

knife-edge, is moved in front fj* ... — ^ 

of the eye in a direction ^ ^ 

normal to the optical axis, 

the aperture of the system 

will darken suddenly and uniformly only if 

the screen is in the plane of the image. 

In making focal length measurements it is 
necessary to choose convenient objects ; in 
the case where magnification methods are 
used the finely divided scales, engraved on 

The sizes of these portions should be chosen 
su/hcleiitly large to prevent the definition being 
spoiled by diffraction effects. 

“ J. Jlartmann, ^!eits. Instmmentenk., 1900, xx. 51, 

” L. Foucault, Ann. VObservntoire de Paris, 1859, v. 
197 ; BecueU des travaux scientif. Paris, 1878, p. 232. 


glrss discs, which are sold by microscope 
makers are found to be extremely useful. In 
order to determine the magnification of the 
observing microscope it is essential to use one 
of these scales in the focal plane of the eye- 
piece. For methods which depend on focussing, 
the most convenient objects are plates of 
silvered or platinised glass having fine scratches 
or rulings on the metallic deposit.^ 

§ (2) Focal Length Measttrement Experi- 
ments. — The chief methods of focal length 
determination may now bo considered in de- 
tail. In all cases it will- be assumed that the 
first and final media are air, so that the first 
and second focal lengths are equal. 

(i.) Methods depending on the Use of Parallel 
Light. — (a) The position of the second focal 
plane of an optical system may be found by 
using an object which is so far away that the 
rays which come from it may be considered 
parallel. The sun or a star may be taken as 
infinitely distant, but it is not always con- 
venient to use such an object. For most 
purposes it is sufficiently accurate to make 
use of a terrestrial object, such as a distant 
church steeple ; if the system under test has 
a long focal length it may be necessary to 
make a correction for the finite distance of 
the object.® 

It is more usual, however, to make use of a 
collimator in order to obtain parallel light, a 
suitable object being placed accurately at the 
focus of the coUimator. The image plane of 
the system is then determined by focussing 
the observing microscope on the image of this 
object. This process may be reversed by 
moving an object, placed in the neighbourhood 
of the focal plane of the system, until its image 
coincides with the focal plane of an observing 
telescope which has been previously focussed 
for infinity. Another alternative is to make 
use of an auto -collimating method ; a simple 
way in which this may be applied is illus- 
trated diagrammatically in Fig. 1. One half 
of a scale S (preferably ruled on silvered or 


O A 



platinised glass) is illuminated from the side 
by a lamp L with the aid of a small right- 
angle prism P, If the scale is in the focal 
plane of the objective 0, the image of the 

‘ Of. the Abbe test plate, for a description of which 
see Microscopy, by E. J. Spitta. 

‘ If / is the focal len^h and v is the distance 
between the second nodal point and the image plane, 
the object being at a distance u from the system, then 

v—f=A~ 

u 

provided that the difference v—fls small. 
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illuminated portion, formed by light which 
is reflected back from an optically plane 
surface A placed normal to the axis, will 
coincide with the image of tho other portion 
of the scale as seen in the observing micro- 
scope M. 

Tliose methods only serve to determine the 
position of the second focal plane and tho 
back focal length (the distance between the 
last surface and the focal plane) of the system. 
In order to obtain the focal length one may 
employ two methods. The first is a direct 
one ; tho objective is "mounted in such a way 
that it can be rotated about a fixed axis 
normal to the optical axis. The whole system 
is then moved along the optical axis until 
there is no lateral displacement of the image 
of a distant object when the objective is 
rotated about the normal axis. When this 
is tho case, the normal axis passes through a 
point, called tho nul point, which divides the 
distance between the nodal points into parts 
whose ratio is equal to the lateral magnifica- 
tion. If tho incident light is parallel, the nul 
point coincides with tho second nodal point ; 
the focal length is then given by the distance 
between tho normal axis and the focal plane. 
Tho principle of this method is made use of in 
tho testing of camera lenses on the Beck 
bench. ^ 

Tho second method is an indirect one and 
depends on tho fact that the ratio of the back 
focal length to the focal length is equal to the 
ratio of tho size of a mark placed on the last 
surface to tho size of its image. This relation 
follows from equation (2) above, for if /j is 
tho back focal length, the equation 

x'= reduces to 

whore y' is the size of the mark and y the size 
of its image. It is suificient, therefore, to 
measure the dimensions of tho mark as seen 
direct and through the system. The focal 
length can then be found if the back focal 
lon^h is known. 

A simple method of measuring the focal 
length of a photographic lens which can be 
divided into two parts, each capable of pro- 
ducing a real image of a 
distant object, is as follows.® 

Let /, f be the focal lengths 

of the two components and P 
E that of the complete lens. 

An imago of a distant object 

is focussed on the ground- 

glass screen of the camera for four different 

oases: (1) tho complete lens placed normally 

in tho camera, (2) the front component 

removed, (3) tho complete Ions reversed in 

camera, and (4) tho component now at tho 

^ See article on “ Camera Lenses, Tlie Tcstlna o!." 

“ T. Smith, Phys. Soc. Proc., 1916, xxvli. 171. 


front removed. If d is the distance between 
the positions of the screen for (1) and (2) and 
d' the distance between the positions for (3) and 
(4), then 

, /F , ,, /'F 

d = and d = -j . 

Hence F= \^dd', also 

These relations follow from the fact that the 
positions in which the images are formed by 
the separate components are conjugate foci 
for the complete lens, namely, that pair of 
conjugate foci for which the beam of light 
between the two components is parallel. 

(6) A method of finding the focal length of 
a system follows at once from equation (1) 
above, for according to this equation tho 
focal length is equal to the size of the image 
(in the second focal plane) of an object at 
infinity divided by the tangent of the angle 
subtended by the object at the first focal 
point. The focal length may thus be obtained 
by measuring the size of the image and the 
apparent angular size of the object. The 
reverse process may also be employed ; in 
this case the apparent angular size of the image 
of an object of kno"wn length, placed in the 
focal plane, is measured. This method is 
applicable to telescope, camera, and micro- 
scope objectives. In the case of short focus 
objectives an object of known length i/ at a 
finite distance D may bo used ; the focal 
length f is then given by 

^-y/T> y^’ 

where y' is the length of the image. This 
method can conveniently be carried out on an 
ordinary microscope supplied with a graduated 
scale in the focal plane of the eye-piece. 

(ii.) Methods depending on the Properties of 
Conjugate Points . — ^When the positions of tho 
first and second foci of an objective are not 
known, the focal length may be determined 
by finding the positions of a number of pairs 
of axial conjugate points. 

(a) If tho distances of conjugate points P, 
P' {Fig. 2) from some fixed point Q, such as a 




q:M 


mark on the mount of the objective 0, are 
denoted by p, and the distances of Q from 
tho foci are denoted by y, y respectively, it 
follows from equation (3) above that 

xx' = {^~y)i^'-v')= -P. 

Now this equation contains three unknowns. 
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ij, ri' and /. Thus t)io focal lon^rth, and tho 
positions of tlio foci, may l)o found by 
inoasuring tho distances Cj, ; I 3 , $ 3 ' 

of throe pairs of oonjugato points from a lixod 
point. 

{(>) If N, N' aro tho nodal points of tho 
objootivo, 

rj' ~ t) d, 

whoro (Z — NN'. 'L'hus in (ursos whore d is 
known or may bo nofi;loetod it is sunioiout to 
dotorniino tho distancos ZijL, ; fj, of two 
pairs of C()njuJ^ato points. This method is 
most easily uarriod out by koopinn tho positions 
of the object and imafj;o pianos li-xod and 
moving 0 along tho axis intti tiro two positions 
for wliioh tho image falls in tho latter ])lano. 
'Ulio distancios of object and imago from Q are 
then measured for tiro two positions, Q being 
kept fixed relatively to O. 

( 0 ) The distance 1) between conjugate points 
is given by 

I) - -x + a:' l-2/f (Z. 

Now it follows from the (vpiation ~ P 

that -- X -I- x' is stationary when I/. 

T'ho negative sign gives tho two nodal points, 
while the positive sign gives two points on the 
opposite Bulos of tho foci from tho noilal points 
and at distances from tlio foci o([nal tf) /• In 
this ease 

D .^4/+ d. 

Thus if d is known or may bo noglooted, the 
focal length may bo found by moving tho 
objective until tho distance between object 
and imago is a minimum. 

It may bo noted that in method {u.j (a) tho 
focal length may bo found by measuring 
for one pair of conjugal' points if the positions 
of tho foci F, F' aro k?iown, that is, if 17 , 1 ?' 
are known. A knowloclgo of / then enables 
one to determine tho distance d between the 
nodal points by means of methods (ii.) (/)) 
or (r). 

The methods in group (ii.) can bo carried 
out most oonvoniontly on an optical bench. 
They are spocially applicable to objeotives 
of medium focal length. Tho ehief objoetion 
to em fjloying them in the case of long focus 
objectives is tho groat length of H[)ace required, 
tho minimum distanoo between conjugate 
points being, as we have seen, approximately 
four times tlio focal length. 

(iii.) Magmfimlion Methods, —There are a 
number of methods of determining focal 
length which depend on tho measurement of 
tho lateral magnification. The most important 
of those are as follows. 

(rt) Tho magnification is measured for two 
positions of tho object, the system under test 
being keijt fixed. Then, if Xj are tho dis- 
tances of tho object from the first principal 
focal plane and m^, Wj are tho magnificat.ions 


for the two positions, it follows from ectuation 
( 2 ) above that 


Thus 


/- 


/> ^'2 


1/Wi -l/»ia 


It is only necessary, tlK'refoiv, to iiK'usuro tho 
(listancie Xj-Xj^ through U'hieh tho object has 
been moved, in addition to the magnifications. 
I'lio focal length may also be found by luuqung 
tho system lixeil, moving tluv image ])Uuio a 
distance - Xg', and mcaisuring tho oorro- 
sponding magnifications. In this case 


--mi/, 


Thus 




X.J 


A Him[)li\ direct ri'iuliiig method based on lliis 
ri'lalion ean lie employed in finding tlu' focal length 
of a (iiiinera lens. 'I'lie image of a very distant object 
is focimaed on the gromid-glass seretsv of tlie camera 
and the screen is then racked hatdi througli a distance 
d until th(> itnage* of a sciale, monntecl near tlie Icms 
in a jilaix' at right angles to tiu' optical axis, is 
focnssecl on it. 'l'lu< length of tlu' jiortioii of tho 
sciah', whose image lies betwee'ii two tnai’ks separated 
by a (listanoe d on the screen, is then the focal length 
of the lens. 

{h) Tho distances fj of the object from a 
fixed point Q 2 ) on the objoelivo is 

tueasurod and the objective is then reversed 
and moved along tlit' optical axis until tho 
same magnification is obtained, the object 
and imago planes bt'ing thus interehanged. 
The distance of the original olijeet from Q is 
now im'asured. Since the ])ositionH of F and 
F' are interchanged owing to the rcvtvrsal of 
tho system, it follows that 


^ 1 ' 

Therefore 
^1+ fa 

or 


•D-l x'-b — 


•D4,-4 X' - D-l f-mf 
m. •' 


m - 1/tu 


If, in the second position of tlie system, 
the distance of the original imago piano 
from Q is mcaaurod, then 




m ™ 1/m' 


{('.) The rnagnifieatiems m, and Wg aro 
measured for two values I)i and Pa of the 
distance between tho olijeet and image planes. 
If, for example, the distance' is inereasod by 
an amount d, we have' 

Pg - Dj -= dE - Xa + Xg') ■ - ( - Xt I- x/). 
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since D= -a;+ a:'+ EP' and EE' remains con- 
stant. Thus 

=/((».-»,)+ 

, dmim„ 

or f = , i — ^ 

(mj^ - - 1 )' 

{(1) The system is kept fixed and the 
positions of the imago are determined for 
whicli the magnifications are -1, -2, -3, 
etc. The corresponding distances of the 
images from the second focal plane are then 
given by 

=f> ~ 2/, Xs = 3/, etc 

Thus the imago has to be moved through a 
distance equal to the focal length in passing 
from one magnification to the next. Similarly 
tlio distances of the object from the first focal 
plane, corresponding to the magnifications 
-li "i, etc., m the image plane, are 

given by x^=~2f, *3= -3/, etc. 

In this case, tlicrefore, the object is moved 
through a distance equal to the focal length 
in passing from one magnification to the next. 

It is most convenient to malce use of an 
0[)tical bench in connection with the methods 
of group (iii.). The methods, like those of 
group (ii.), are especially applicable to the 
case of objectives of medium focal length. 

(iv.) Methods applicable to the Measurement 
of Hhorl Focal Lengths. — There are two simple 
microscope methods wliich can be used in the 
case of microscope objectives and eye-pieces; 
they really come under the previous groups, 
but may for convenience be dealt with 
separately. 

(a) A short focus collimator, having a suit- 
able scale in its focal plane, is fitted under the 
stage of a microscope, and the objective or 
eye- piece under tost is placed on the stage 
with its axis collinoar with the collimator 
and microscope axes. The microscope, fitted 
with a micrometer eye-piece, is then focussed 
. on the imago of the collimator scale. If 
fv /a* /b are the focal lengths of the collimator 
objective, the system under test, and the 
microscope objective respectively, the magnifi- 
cation observed in the lower focal plane of 
the micromotor oyo-pioce is given by 

fi ^ 

fi'fs' 

whore A is the distance between the upper 
focal plane of the microscope objective and 
the micromotor scale. The method may be 
made a direct reading one by choosing the 
values of /i, fg, and A, so that A—f^fg. 
The magnification observed is then numerically 


equal to the focal length of the system under 
test. 

(b) The objective or eye-piece to be tested 
is fitted to the end of a microscope tube and 
a suitable scale is placed on the microscope 
stage. The magnifications -of the scale are 
then measured for two different tube-lengths 
by means of a micrometer scale in the eye- 
piece. The focal length of the system is 
then given by the difference of the tube-lengths 
divided by the difference of the magnifications. 
This follows at once from the relation 

m2 - mf 

The Abbe focometer ^ is an instrument 
which is specially designed for carrying out 
such tests. 

§ (3) Measueement or Abereations. — In 
designing compound objectives it is hot pos- 
sible to obtain systems which are perfectly 
corrected ; there arc always certain amounts 
of residual aberrations present. In a well- 
corrected system these are usually very 
small, so that it is necessary to employ very 
sensitive methods for measuring them. The 
chief quantities which require to be determined 
arc spherical and chromatic aberrations, coma, 
distortion, and curvature of field. In the case 
of telescope objectives it is mainly the first 
two which are of primary importance ; the 
measurement of the other quantities is dealt 
with in the article on “ Camera Lenses, The 
Testing of.” 

Practically all the methods of measuring 
the aberrations of an objective depend on the 
use of an accurately parallel beam of light. 
If a collimator is employed for this pui-pose 
it is necessary that the collimator objective 
itself should be as free from aberrations as 
possible, otherwise the results will be vitiated. 
It is usual, therefore, to employ a well- 
corrected collimator objective of larger aper- 
ture than that of the objective under test. 
This, however, is not always possible, especi- 
ally when it is necessary to test large aperture 
lenses ; in such cases one or other of the 
following methods may be used. 

(o) When one is dealing witli an astronomical 
telescope objective, it may be fitted on a telescope 
mount and the measurements made with a star as 
the object. This gets rid of the necessity of using 
a collimator, but the method can only be used where 
special equipment is available. 

(?)) If the objective has not a very long focal 
length, an illuminated pin-holo mounted at a con- 
siderable distance may be used as the object. In 
this case, however, only ap]3roximatc values of the 
aberrations can be obtained owing to the fact that 
one is not dealing with strictly parallel light, the 
process of introducing corrections for the finite 
distance of the object being rather laborious. 

' K. (Izapski, Zeits. Tvstrumenlenk., 1802, xii. IS.*); 
sec also ( 3 . v. liofc, Zcils. Tcchn. Phys., 1920, i. 191. 
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(c) WhoTO a.n objeoUvci of similar nonatiniotion 
to that of tlio one imtlor tost is availahlo, it may 1)0 
used as a oollimator objootivo. Tlian, if tlio aborra- 
tiona of oaoli objootivo aro of tlio same sign and 
of about tlio sntno dimensions, the vnluos of the 
measured aberrations will bo approximately double 
tlioao of each objootivo taken separatK'ly. 

(d) If two additional objootivos of similar dimen- 
sions aro available, the throe objeotlves may bo 
tested in pairs, each one in turn serving as the 
oollimator objeotive. 'I'lie aberrations of caoh may 
then be deduced from the measured aberrations of 
the combinations, even if tho former differ oon- 
sidorably in tlu' three case's. 

(e) In the oaso of large objectives, when a suitable 
oollimator objeotive is not available, a convenient 
method is one which is now being used at tho 
Reie.hsanstalt.’- 

Tlie ]>rinoii>lo of tlie method is ilhiatratod in Fig. 3, 
wliioli roprosonts a horizontal section of tho arrange- 
inont. A well - corrected 
oollimator objective (1 of 
rolatively small aperture, 
having an illuminated pin- 
hole iS at its foous, is set 
up with its axis in tho 
piano of, ami at right 
angh'B to. tho axis of tho 
objective 0 which is to bo 
tested. A good quality jien- 
tagonal prism P is mounted 
on a slido in front of the 
oollimator objc'otivo so that 
it can bo moved along tlio 

'■p" '-'p 


oollimator axis across a diameter of the objective 
0 into positions such as P', I**, flinoo tho dirootion 
of tho rays which emerge from P is not altored by a 
slight rotation of tlie ynism about a vortical axis, 
the rays will bo paralloi to tho ohjeotivo axis In all 
positions. Any tilt of tho jirisro about a horizontal 
axis may bo jirovontecl by using n level on tho top 
of tho prism and adjusting tho prism, if necessary, 
in its difloront positions, Tlie metliotl allows one to 
dotormino tho posll/ion of foous for different portions 
of tho aporturo. If it is nooossary to moasuro the 
aberrations along difloront diamofccra, tho objective 
may ho mounted so that it can bo rotated about its 
axis. 

(f) An an to-collimating method (of. Fig, 1) may 
bo employed, if a sufhoiontly largo optically piano 
surface is available. This has tho advantage of 
double sensitivity, but for very aoourate work the 
mirror surface used must be xilano to a high degree 
of aoouraoy. 

There aro three main methods of measuring 
tho aberrations of an objective. In considering 
these it will bo assumed, as already inclioatocl, 
that a woll-corroctod collimator objective of 
larger aperture than that of tho objective 
under test is employed, though any of tho 
above-mentioned devices may ho used instead. 
* ^eits, Tnalrumentenk., 1920, xl. 96. 



(i.) Mir.roaco'pv. -The objective, tlic 

collimator, and a snitablc observing niicr()Sco])o 
aro set ui) in such a way that their oijtical 
axes arc coUincar, the microscope being 
placed behind the focal plane of the objective 
and mounted on a slide so that it can be 
moved along the axis of the system. A 
minute jun-hole ® is lixod at tho focus of tho 
collimator objective and is illuminated by a 
strong smmio of Hglit. Tlio imago of tho 
pin-liolo which is formed in the focal plane 
of tho objective eonsislH of a bright circular 
di.so Hurrounded by a stu’ies of concentric 
flilfraetion rings. 'I'lio relative mnnbor of 
rings and tho colour visible in pianos at 
small equal distances inside and outside the 
foous give a qualitative estimate of tho sphorieal 
and ehrornatio eorrootionH of the objective.® 
In order, however, to determine these aberra- 
tions (piantitatively, it is necessary to find 
tho positions of Ix'st focus of the central disc 
when dilTcrent zoues of tho ohjectivo and 
different wave-lengths of light are used. For 
Biihorioal aberration determinal.ions the aper- 
ture of tlio objeotive hIiouIcI be divided into 
about 4 or 5 eoneeuLvie zones of cxjual area, 
and a series of opaiiuo stops made of such 
sizes and shapes that each one only allows 
light to pass through one of these zoiu'S. 
If tho slide, on wliieh the mieroscope is 
mounted, is provided with a sc'alo and veniier, 
or, preferably, an aeeurate mierometer motion, 
the axial differences of focus for the different 
zones oari ho measured. 

In order to moasuro tho ehrornatio aberra- 
tion a similar procedure is adopted, colour 
ffltors being placed, one at a time, between 
tiio pin-hole and the source of liglit or between 
tho eye - piece of tho mieroscope and tho 
ohsorvor’s eye. The positions of the micro- 
seopo, for which tlio image of the pin-liolc is 
fooussod for each of the filters, then enable 
one to determine the positions of tho foci for 
different colours and lienee the ehrornatio 
oorreetion of tho ohjooLive. It is advisable 
to choose colour fllters whicli are approxi- 
mately monoehrpmatio and to determine tho 
predominant wave-length transmitted by each. 
A series of Kodak oolour filters, giving about 
5 wave-lengths fairly evenly Hjiacecl along tho 
spoobrum botwoon rod and violet, is found 
very suitable. For very accurate work, how- 
ever, colour filters may he dispensed with and 
a monochroraatio illuminator placed between 
tho source of light and tho collimator pin-hole. 
In this way monochromatic liglit of any given 
wave-length may bo onifiloyed. 

The chromatic difforonoos of spherical 

’ A hrlKlitly llltimlnatctl small hicyclc Imll forms a 
very ffofxl substitute for an llhiminnted pln-Jiolo. ]n 
some eases It is preferable to emtiloy fine ereisH lines 
or a suitable scale. 

* Bee 7’Afi AdjuHiwnI, and Texting of Telexeopio 
OOJeclivex, by Messrs. T. Cooke & Nous, Ltil,, of York. 
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aberration may be determined by placing | 
concentric stops in front of the objective 
and measuring the positions of focus for the 
different zones and the different wave-lengths. 

(ii.) Shadow Method . — This method, to which 
reference has already been made in dealing 
witli tlie methods of finding position of focus, 
was introduced by Foucault ^ in connection 
with the figuring of optical surfaces. In 
order to apply it to the measurement of 
aberrations a narrow illuminated slit is placed 
in the focal plane of the collimator objective 
and a diaphragm with a straight edge is 
mounted behind the objective under test. 
The diaphragm is adjusted until its edge is 
parallel to the slit, the plane of the diaphragm 
being normal to the axis. If the aperture is 
covered except for one. particular zone, and 
the observer’s eye is placed near the focus of 
the objective, this zoire will be seen illuminated. 
If, now, the diaphragm is moved across the 
oj)tical axis in front of the observer’s eye, the 
zone becomes darkened gradually, unless the 
diaphragm is in the focal plane corresponding 
to the zone, in which case it becomes darkened 
suddenly and uniformly. Thus by a method 
of trial the positions of focus for different 
zones and different wave-lengths may be 
found. Ifrom those the spherical and chromatic 
aberrations of the objective may be deduced. 

The writer has employed a more symmetrical 
way of applying the shadow, method to the 
testing of objectives. A small illuminated 
pin-hole is fixed at the focus of the collimator 
objective and, instead of the diaphragm with 
the straight edge, a small opaque circular 
disc on a glass jdato is used. It is convenient 
to employ a small point image on a photo- 
graphic plate, its size being approximately 
that of the diffraction image of the illuminated 
pin-hole. By moans of this arrangement it is 
possible to find the three co-ordinates of the 
focus for any zone or to combine the shadow 
method with the following method (Hart- 
mann’s) by measuring the co-ordinates of the 
points where the pencil of rays from any given 
region of the objective aperture cuts two 
pianos, one inside and the other outside the 
focus ; in this latter case the plate with the 
opaque point must bo mounted on a mechanism 
capable of recording measurements in three 
mutually perpendicular directions. 

Methods (i.) and (ii.) are, of course, only 
applicable to the case of visual measurements. 
Where it is necessary to determine the aberra- 
tions of an objective designed for photographic 
work, the chromatic corrections being made 
for wave-lengths in the actinic region of the 
spectrum, the following method is practically 
the only one that can be employed ; it can be 
used in the case of any large aperture objective. 

L. Foucault, Ann. de VOlmnatoire de Pai-w. 1869, 
V. 197; Hemeildestravaux scientif. Paris, 1878, p. 232. 


(iii.) Hartmann' H Method . — In this method ^ 
the positions of the foci for different zones of 
the objective are determined indirectly. An 
illuminated pin-hole is mounted axially in the 
focal plane of the collimator objective, and an 
opaque diaphragm, containing a number of 
circular holes arranged in concentric rings, 
is placed symmetrically in front of the 
objective. A photographic plate is mounted 
at right angles to the optical axis in a plane 
at some distance outside the focus and an 
exposure made. The plate holder is then 
moved to a position inside the focus and 
another plate exposed. Thus records arc 
obtained of the diffusion circles in which 
the narrow pencils of light, passing through 
the holes in the diaphragm, meet the two 
planes in which the plates were placed. The 
co-ordinates of the centres of these diffusion 
circles can then be obtained by measuring the 
plates,® and if the distances of the two planes 
from some fixed arbitrary point have been 
carefully measured, the positions of the foci, 
relative to that point, for different zones may 
be deduced from the relation (4) given above. 
Chromatic aberrations may be obtained by 
making a series of measurements, with light 
of different wave-lengths. 

If earefully carried out, this method is a 
very accurate one, but it suffers from the 
disadvantage that a considerable amount of 
time is required in order to complete a series 
of measurements. 

In addition to the above methods the 
aberrations of an objective ma3’' be measured 
by moans of interferometry.* 

§ (4) Determination or General Defini- 
tion. — The general definition given by an 
objective depends on the degree to which the 
system is corrected for the various aberrations. 
It is difficult, however, to deduce from measure- 
ments of the residual aberrations how good 
the definition will be, for, generally speaking, 
there are no data available which give the 
maximum amounts of the different aberrations 
that may be present without spoiling the 
definition. A good idea of the definition 
may, however, be obtained by placing a 
suitable test object (a fine graduated scale 
or a microscopic test object may conveniently 
be employed) at the focus of the collimator 
objective and examining its image in the 
focal plane of the objective under test by 
means of a microscope. As definition is 
partly a subjective quality, it is always 
advisable to compare the definition of anj’’ 

’ J. Hartmann, Zeits. Instrumentenlc., 1900, xx. 
51. 

“ Instead of making photographic records the 
co-ordinatos may he determined by means of direct 
visual observations. 

* See article on “ Interferometers : Technical 
Applications ” ; also E. Waetzmann, Ann. d. Physilc., 
1912, xxxlx. 1042 ; F. Twyman, Brit. Journ. of Phot., 
1918. bcv. 666; 667. 
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givoii objocitivo wiLli tliafc of a Hiiiiilar (>bjt‘C!ti\'o 
who, so gi'iuiral oplioal ])orforn)anc.c is hnowii. 
Thc^ clolinition of a tolose.o])o objcctivo may 
also bo toHtod by an oxaininat.iou of tho 
oxtprafooal dilTraotiou iniagoH of a diHtant 
] joint aourcoJ TIio roaulving iiowor may bo 
dotorininod by obHorvatioua on doiible stars. 

j. s. A, 

Okjmot.s, Mountino o 1 '\ for mioroB(H)])y with 
ultra-violot light. Soo “ IVliorosoopy with 
Ultra-violot Jjight,” S (4). 

Onou : a w'ind - instrument, playod with a 
small double-cone reed and having a conicuil 
tube. (See “ Hound,” § (35). 

“On UK UK Ciioa.” Hoo “Hound Ranging,” 

8 (4). 

Ol'AU 0nAS,SK8, MANUKACTirilB OF, Hoo 

“ OlasH,” § (35), 

OnuTiiAUMK! Dynamomkteh, Landolt’s : an 
ophtlial.nic! iastrunient for dotonnining tho 
maximum of oouvt'rgwnfo of a subject’s 
eycm, Hoe “ Ojihtludmics Optical Appa- 
ratus,” § (3), 

OPHTIIAIAITC OPTICAL APPARATUS 

§ (1), Until the introduction of cylindrical 
lenses for speetacde use, ojdithalmie optical 
ai)paratuH was of tlie crudest, and oonsistod 
nuunly of sets of [lairs of sphorienl lenses 
fitted into horn frames known as “ triers.” 
With oylirulricial lenses and tho necessity for 
witation of the lenses, came the full trial- 
ease, tlio ophtlialmoscopo, ophthalmometer, 
and retinoBOf)j)o. 

Ophthalmic instruments may be divided 
roughly into a subjeetivo ohiss, where the results 
are obtained from the answers of tho subject 
or patient relating his impressions of what ho 
aetnally sees by means of the instrument, and 
Into an td)jeetivo class, whore results are arrived 
at by dcHluetions being made from what is 
soon by tho observer in or of the eye of tlie 
patient without reference to any questioning 
of tlie patient, 

§ (2) Huh, I KoTfVK rNSTaiTMKNTa. — Among 
subjoetivc instruments wo can include : 

Phorouieters for testing and exercising tho 
strength, <loviation, and direction of tho i 
external ooular muscles. j 

Porimotm*s and scofcomotors for plotting and 
measuring the field of visum. 

Photometers for light perception. 
Chromo-optometers for colour perception, 
Oplitludnuo lenses. 

Tcwt-cases of trial lenses (tho Ponders 
method). 

Test-types for measurement of visual acuity 
and form percept inn. 

’ Ht'c The Adjuntmrni and Tcxling of Tflesvopic 
Objeeliim, by Messrs. T. Cooke & Hoim, Vork. 


Diffosion-aroa insiruments relying upon 
the distortion or aberration produced by 
ametropia. 

Optometers, a term given to instruments 
generally of telescope design, and cleiicndont 
upon a ])ersonal adjustment of focus by the 
patient. 

§ (3) PiioKOMKTKHa. — Idioromoti'ic instru- 
ments deal with the, measurement, of ocular 
museiilar want of balance, and tho muaeiilar 
exorcises for its correction. Tho muscles of 
a normal pair of eyes are so balanced that 
tlio eyes involuntarily converge njion any 
fixed object, each eye conveying to tho 
brain a similar picture. Tlio exact supor- 
jjosition of tlioso two ])icturo.s creates a single 
picture witli storeoscopie relief. Should tliore 
bo soino clifferonco in tho size nr definition of 
those two jiicturoH duo to difforonoo in tho 
focal strength of tho eyes, or should a single 
picture bo olitaiuod with difliculty, tho result 
is cither that a strain is thrown upon tho extra- 
oe.ular miiscloH in an attempt to secure single 
storeosoopic vision, or else failure to sec.ure such 
vision results in a more or loss pronounced 
squint or straliismus, with a temiiorary sn-])- 
])rossion of vision in one eye, in order to avoid 
confusion. It is olivious that, if two aojiarato 
images are seen by the two eyes, a fusion of the 
images can lie obtained liy iilaeing in front of 
one eye a jirism, whioli will cause one of tho 
images to deviate and supoi’iioao itself over tho 
other imago, and thus secure stereoscopic 
vision. 

Hiipposing always that tlio eye refraction 
has liocn correcteil, and pictures of equal size 
and dolinition soeurod, it is one of tho simplest 
of optical procedures to find a prism which 
will give tlio required deviation. Tho first 
tiling is to make one of the images seem so 
altered or distorted that tho brain no longer 
attempts to associate it with tho other imago, 
and eonseqiiontly eeasos to make any muscular 
effort to superpose the two images. This 
distortion is usually oflected by glass rods 
or cones or similar clistorting contrivances. 

One of tho most effective of those is the 
Maddox sot of rods or grooves (Fig. 1), whicli 
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consists of a sot of short coloured convex 
oylindrioal thin glass rods, or coneavo cylin- 
drical grooves fixed side by huIg in a small 
disc for UHO in tho oculist’s trial-frame. A 
bright small light soon through ono of these 
rods prodiieos a small lino lino as an imago, tho 
several rods or grooves making in continuation 
a long decided lino of liglit wlucii can easily ho 
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fixed by the patient. This lino is .so different 
from the imago of the object seen by the other 
eye that there is no effort on the part of the 
patient to secure superposition or overcome 
what is called his “ dynamic strabismus.” 
Successive prisms are now placed before one 
of the eyes until this streak of light appears 
to coincide in position with the original light. 

The Risloy or. Herscholl prism, which con- 
sists of two oqual-pcjwercd prisms superposed 
and rotating at equal rates in opposite direc- 
tions, is often used in order to obviate the 
necessity of trying successive prisms. 

Another method of correcting the defect 
is that of the Stevens phorornetor, which 
con8i.sts of two equal prisms (one before each 
eye) rotating in o])posite directions. With 
either of such instruments, or some similar 
phorornetor, the strength of the external eye 
muscles may bo measured. There are many 
varieties of this class of instrument, varying 
ohiofly in the number of small trial-case 
accessories attached to save time in adjust- 
ment. 

Nearly all instruments for testing the ocular 
muscles depend upon their ability to create a 
diplopia which will not bo overcome mentally 
by the patient, and having created it to in- 
dicate the prism giving fusion or a single 
imago. 

In order to induce dii)lopia, Thorington 
uses an ingenious form of truncated cone 
ground in two 7-()0-dioptro prisms, separated 
by an interval of jdano glass 3 mm. wide, 
which produce the combined effect of a Maddox 
rod and doubling prism in one piece of glass, 
with the important addition of a centre light 
as a starting-point. 

An oxciellont but little-known instrument is 
the Rcmy Diploscopo, which consists of a wide, 
short, hollow cylinder blackened on the inside, 
28 cm. in length and 9 cm. in diameter, 
open at the eyo-oncl, and closed at the other 
end by a disc with four round holes about 
2 cm. in diameter, two of which are 4 cm. 
apart, and the others 1 cm. apart. By 
revolving a shutter, one pair of holes is kept 
closed while the other pair is open, and by 
revolving the disc the pair which is open 
may lie sot at an angle which is required for 
a tost. In front of the open end of the 
cylinder there is a black square frame to 
block out stray rays of light, and a black bar 
at the top of the frame can 1)0 either lowered 
vertically across the opening, moved at an 
angle to one or the other side, or lifted away 
altogether. This cylinder is mounted on a 
long rod with its axis j^arallol to the rod so 
that the disc containing the holes is midway 
between the two ends. The length of the rod 
is 120 om., the disc is thus 00 cm. from the 
eye, while the distance between the centres of 
one pair of holes is approximately equal to the 


distance between the eyes. At the otluu’ end 
of the rod is a test-card carrymg four letters 
arranged horizontally at distances of about 
6 cm. apart. If a i)atient with binocular 
vision looks at the holes he wull see all four 
letters. Each eye sees a different letter 
through each of the two holes. If he suffers 
from convergent squint only tw'o letters will 
be visible. By employing the second disc 
with the holes closer together and a second 
test-card on which there are two letters one 
above the other, further tests can be made. 

Another popular instrument used in the 
British army is “ Bishop Harman’s Diaphragm 
test.” This is the reverse of Javal’s well- 
known bar-reading test. Instead of a bar 
there is a screen rvith a single hole in it (Efy. 2). 



Pig. 2. 


Into this hole the patient can look with both 
eyes without suspecting the test to which his 
vision -is being subjected. The instrument is 
held with the end of the bar against the face 
and a screen with a suitable design is mounted 
in the holder at the other end of the bar. 
The patient sees part of this screen with the 
right eye, part with the loft, and a small 
central region with both, as shown in the 
sketch. From the extent and location of these 
various fields the nature and amount of the 
squint, if any, can be deduced. 

The difficulty of fitting prisms to cure the 
defect does not lie in the manipulation of 
the instruments, but rather in the inability 
'of the patient, as a rule, to wear anything 
approaching the prism or Maddox correction 
which gives perfect fusion, possibly duo to an 
inconstant variation in convergence on the 
part of the patient, and also to the distortion, 
astigmatism, and chromatic aberration insepar- 
able from prisms of any strength. It is also 
possible that the exact relation between a 
prism giving fusion, and the correction of 
eye-strain and strabismus, has not yet been 
satisfactorily settled. When this question 
of fitting prisms and lenses has reached the 
certainty of determination of that used in the 
prescription of spherical and cylindrical lenses, 
a new and universal type of sjroctaclo lens 
must immediately follow. 

In England considerable attention has been 
given to the question of muscular anomalies. 
Of late years the tendency has been to recom- 
mend muscular exercises for the cure of 
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strabismus or squint, rather than interforonco 
by surgical oporatiou. Nearly all instrutnonts 
that are used are baaed, more or loss, on the 
principle of the stereoscope. 

Por determining the maximum of converg- 
ence, an instrument known as Landolt’a 
Cphthalmodynamornetor may bo used. This 
consists of a metal cylinder blaokoned on the 
outside placed over a small light or candle 
llamo. I’lio cylinder has a vortical slit U-.'J mm. 
wide covered by ground glass. Tlio luminous 
vortical lino is the object on which attention 
is to bo fixed. Beneath the cylinder is a 
tape measure graduatotl in cm. on one side, 
and on the other in a corresponding number 
of motor angles. The cylinder is gradually 
approached towards the patient until double 
vision of the line of liglit oocuns. 

An instrument for testing latent torsion is 
the Optomymometor of the tlenova Optical 
Company, wliioh consists of two tubes about 
20 in. long, one of whioh is moved horizontally 
only, while the other oan bo elevated or 
depressed to any angle. At one end of each 
tube is a rotatable (liac in which a slit is cut. 
On looking down the tubes, one slit is soon 
with each eye ; by aclj listing tlio iueUnations 
of the tubes one slit may bo made to ayipoar 
vertically above the other, and by rotating 
the discH they may be made to ajipoar parallel. 
Tlioro are many variations of this instrument, 
one of which is that of the clinoscojm of Cooper, 
and the more rooont one of Stevens. 

§ (4) PuPiLOMBTHRS. — ^Tho sizo and shape 
of tlio ])upil and its position in the centre or 
othorwiso in the iris Hold is a matter of some 
irnportaneo both in discussing pathological 
questions and also in accounting for the un- 
certain results somotiraos obtained in the 
estimation of refraction. It has boon found 
that tlio visual axis rarely iiassos through the 
oontro of the pupillary ojioning. Various 
methods have boon devised to measure either 
the size of the ]»upil or its position. The 
simplest, and the one in ooramim use, as in 
Fi{i. 3, is to have a series of various-sizod 
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black dots on a card, and to compare them 
with the actual pupil, or to make similar 
comparisons with an ordinary wedgo-shapod 
gauge. The other methods have been con- 
fined to the laboratory, and have oonsistod 


chiolly in the use of ophthalmometers with 
the doubling prisms removed, and by ad- 
justing the sizo of the images of the mires 
or bringing them into contact on the cornea 
until they just cover it, an (istiniato of 
the diameter of the i)upil has boon made. 
Another ingenious method due to Laiidolt was 
to use a hresnol doubling prism, and so adjust 
the distance between the two images until they 
just toueh. Photography to scale has also 
been employed. 

§ (5) Pjoiumktkrs. — Perimeters or sooto- 
motors are for the measurement of the field 
of vision from the macula to the peripheral 
parts of the retina, and the plotting out of 
portions of the retina which are totally or 
partially atrophied. The moasuromonts oan bo 
made for the colour as well as the Hglit field. 

Roughly the field of vision can be ascer- 
tained by making the patient look fixedly at 
a spot, sueli as the eye of the surgeon. A 
test object, such as a small ball, is then placed 
in front of the eye in various jiositiuna until 
the limits of indirect vision are dotorminod. 
Usually elaborate instruments are used, 
allowing tlio travel of a tost object along an 
are having the patient’s eye as its oontro. 
Such instruments aro gonorally furnished with 
meohanism for the silent and unobserved 
movomont of the object, and the siuuiltanoous 
roeording of the limits of vision by a puncher, 
pricker, or ponoil on a graphic chart behind 
the instrument. 

Auhert and h’oretor cumstructed an instru- 
ment in 1847 upon wliieh most of the subse- 
quent porimotors have been based, amongst 
which aro the MoHardy, Skool, Dana, Stevens, 
Behweigger, Landolt, Rardsloy, and Priestley 
Bmith porimotors and seotomotors. These 
vary ohielly in the moelianism for the tost- 
objoot carrier and the method of malting the 
oliart. Fig, 4 shows the MoHardy instrument. 

Tomlinson, in order to avoitl the largo and 
cumborstimo are, designed a system of a tilting 
mirror whioh gives an imaginary movomont 
to the object. 

Many surgeons use the Bjornim aereon, 
which oonsists of a largo square blaeic sorcon 
2 metros in breadth, at a distance of 2 metros 
from the imtient. This system has the ad- 
vantage of increasing all tho moasuromonts — 
the blind spot, for instaneo, measuring 20 cm. 
on tho screen instead of about 2^ cm. with 
the ordinary perimeter. Beyond 45”, measure- 
ments on a flat surface aro not of much use. 
B. H. Elliott has recently made considerable 
improvements on this method. He uses in 
front of tho Bjerrum background a movable 
disc in whioh there aro small illuminated 
objoots. 

In the Campimoter of Do Wookor the 
patient fixes a small cross in tho middle of a 
black screen on whioh aro marked radial Unoa ; 
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tlie test objoet is moved from the periphery to 
the centre, the limits of recognition being 
marked on each line in turn. The points on 
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the various radiating Hnes are then joined, 
showing the area of the visual field. 

The same pi'inoiple api)lios to nearly all the 
perimeters. .In some like the Priestley Smith, 
the MoHardy, the Skool, etc., the tost objects 
travel on an arc centred round the patient’s 
eye, instead of at a tangent, as in the case 
of the Wockor and Bjerrum screens. The 
differences in the many arc instruments are 
rather in details of workmanship and mechan- 
ism than principle. 

Hand perimeters are rather for clinical or 
bedside use. 

The uncertainties of perimetry are duo 
chiefly to the tendency of the iratient to allow 
his eye to wander away from the fixation 
point and also to the various degrees of intolli- 
gonco on the part of the patient. 

§ (0) PiiOTOMTSTKns, — Until the war and 
recently, oomparatively few experiments had 
been made as to the perception of light in the 
estimation of refraction and eyesight. The 
irrevalonce of night-blindness, the possibilities 
of malingering, and insurance problems, 
brought into use some of the many well-lcnown 
photometers.^ Perception scales such as those 
of Parinaud, which consist of ten graded 
squares of grey colour from white to black or 
a black background on which various colour 
shades arc outlined in small squares to be 
counted by the patient, constitute probably 
the quiclcest and simplest method. 

§ (7) Chbom:o-optombtbe.9. — Since atten- 
tion has been drawn by the Board of Trade 
See “ Photometry and Illumination.’’ 


and Admiralty, to the necessity for stricter 
tests, the exarainatioir for colour vision has 
become a mirch more general practice. Some 
observers employ the confusion test of a 
series of coloured wools (Hohugren), while 
others, such as Butler-Harrison and Edridge- 
Green, rely upon the use of lanterns showing 
by rotation and superposition a series of 
colours which the patient is called upon to 
classify or compare. 

Another useful test is that of the bead-box 
of Edridge-Green, where a variety of coloured 
beads is given to the patient to classify. 

An ingenious instrument is that of Chibret, 
in which a plate of quartz ground parallel to its 
axis is placed between Mcol prisms. The 
plate is seen coloured, and the colour depends 
on the thickness of the quartz. If the Nieol 
analyser is rotated, the colour changes. At 
45 degrees the field is white, on rotating the 
prism to 90 degrees one obtains the comple- 
mentary colour which increases the intensifica- 
tion of colour. By replacing the analyser 
with a bi-refringent crystal, in the form of a 
prism, one of the images has the comple- 
mentary colour to the other. In the instru- 
ment of Chibret, by varying the obliquity of 
the prism, it is possible to obtain the whole 
range of colour and intensities. The patient 
is asked to regulate the instrument so that at 
any degree of intensity he is sure to secure 
equal colouring of the two fields. Failure 
to do this indicates his degree of colour 
sensitiveness. 

§ (8) Ophthalmic Lenses. — Ophthalmic 
spectacle lenses differ from photographic, pro- 
jection, microscope, or what may be termed 
image-forming lenses or systems, in that they 
are usually of approximately one diameter 
or aperture, one thickness, and except in the 
cases of special bifocal and cemented lenses, 
they are thin single lenses of two surfaces 
only. 

Spectacle lenses are made of ordinary white 
glass similar to that of a good window glass. 
The English glasses are generally very wliite 
but softer than the French or St. Goban glass. 
Recently Schott of Jena have manufactured 
a hard and dense glass for better class meniscus 
lenses. 

Until about twenty years ago the more 
expensive lenses were made of Brazilian 
pebble or “ rock-crystal.” It was claimed 
that the extra density of the crystal allowed 
a thinner lens, and cooler to the eye ; but on 
the other hand there were many faults, such 
as that of double refraqtion, striae, and 
surface imperfections in working, that made 
them inferior to ordinary good white glass. 
The introduction of cylindrical and prism 
lenses resulted in comparatively few lenses 
being made of pebble owing to the difficulties 
and expense of working the surfaces. 
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Witli Bpcctaclo lenses a large variety of i 
surfaces and eoiubinatiuns, useful only in. 
ophtkaltnie lens work, are emi)loyed. 

(a) The piano -spherical, where one side is 
piano, the otlier convex or concave sjilicrical. 

(h) 'L'ho l)i-sphorioal, where both aides arc 
spherical, either convex -concave or else con- 
oavc or convex. 

(r.) The plano-eylindrical, where one side is 
plane and the other is a simple cylinder. 

(d) Tho i>eri.scopic, a term given in the 
trade, of which one surface is concave, the. 
other convex, and in which the concave side 
is about 1-25 to 2 dio2)trea in strength, tho 
other side having an excess of convexity to 
Boeuro tho necessary focus. 

(e) Meniscus lenses, j)ractically deep peri- 
soopios, where tho concave smiace ranges 
from (i'OO to oven 12-{X) dioptres. 

(/) Ordinary sphere-cylinders, whore* one 
side is convex- or concav6-3x>herical and tho 
other a convex or concave cylinder. 

((/) Torio lenses, whore tho one surface is 
that of a segment of a torus, or anclun 
ring. A good illirntration of a tt)rio srrrfaco 
may be taken from that of a bicycle tyro 
wiiioh has two differing curves, one at right- 
angles to tho other, 'rho advantage of a tone 
lens is that it i)rovido3 a sphero-cylindrical 
lens ill tlio form of a meniscus combination. 

Prisms are also uscil with any of tho above 
lenses or combinations. If tho prism, rc- 
cpiirod is comparatively weak and the spheri- 
cal power fairly strong, this may bo secured 
easily by clecontration of the lens in tho spec- 
tacle frame, but if tho prism required is fairly 
strong, without a eorrosponding increase or 
ratio of strength in tho syihorical, then the 
8|)horic!al curves are usually worked upon a 
[)risra or wedge-shaped glass. 

'Chero are some forms of special Bpcotaclo 
lenses which call for siiccial mention, not only 
for tho special purpose for which they arc 
intcuicled, but on aeeount of tlieir very beautiful 
workmanship, such as tho bifocal, asphorical, 
and cataract Icmsos. 

(i.) Bifoml Lfitises . — The bifocal is a spec- 
tacle lens having two dilloront powers or foci 
sob in the same oye-wiro or speotaolo frame ; 
tho upper power or focus being used for dis- 
tanoo and tho lower for reading or close work. 
A bifocal Ions is generally useful in the case 
of a person who is amotropic and who requires, 
on account of ago, two separate foci, one for 
distance and one for reading, and wishes them 
to bn in tlio same spoctaolo frame in order to 
avoid having two pairs of s]}eetaelcs. 

There are many forms of bifocals, tho 
oldest being tho Franklin bifocal, made of 
two half lenses of different foci joined together 
witli a straiglib joining line. Tho drawback 
to this pattern is that tiie lialf-lenses are liable 
to jump out of tho frame, tho junction retains 


dirt, while the lower half xire.scnts inconveni- 
ence, and is usually too large fur the purpose 
for which it is intended. This is sometimes 
avoided by placing the lower half into a curve 
cut out of the upper phcce. Very many 
suggestions and patents have been taken out 
for bifocals, but most of them have been 
discarded on account of the difficulty of 
securing good centring and also because 
the dividing line or ridge is generally m the 
way. The commonest form of bifocal con- 
sists of small thin segments of additional 
powers cemented on to an ordinary lens of 
the focus required for distance. The segment 
is usually so thin as to be almost imper- 
ceptible, but is liable to become disturbed 
tlirough heat, strain or concussion. One very 
modern form is generally known as the fused 
solid bifocal, which is made by grinding or 
gouging out a small depression or curve in 
the lower part of the distance lens, which 
should be of low refraction. Into this de- 
pression or curve or small basin is dropped 
and fused another . small . lens of very much 
denser refraction. The difficulty in manu- 
facture is to secure a perfect join between 
the two surfaces without introducing air 
bubbles. After fusing, the whole surface is 
then ground to a specified curve, in appear- 
ance one lens only, although there are two 
separate foci. The process requires such 
extreme care in manufacture that the lenses 
have become almost a i^roprietary article. 

Another equally modern form is that of the 
solid bifocal, where two separate curves are 
ground on the same surface. A small but almost 
imperceptible ridge is formed between the two 
parts of different foci, which are ground out of 
the same jiiece of glass and therefore do not de- 
pend on two different refractions. The method 
of manufacture calls for a kind of optical grind- 
ing that has not been used in any other kind 
of optical work. All opticians are aware that 
all optical lenses are surfaced by means of 
optical tools having the same curvature, and 
by moans of emery and rouge are polished 
afterwards on the same tools with a piece 
of . cloth. This bifocal is ground quite a 
different way, in that the surfaces of all the 
lenses, no matter what the foci, are ground 
by means of a thin ring tube about half tho 
diameter of the part to be ground out from 
the lens. The end of this tube rotates at a 
different rate from the lens, which is fixed on 
a shaft, and the difference in rotation results 
in varying curves, spherical curves of extra 
curvature being ground. Theoretically the 
one tool grinds every curve. The difference 
in the rate of the abrasion between the outer 
and inner edges of the cutting tube produces 
the curve desired. 

(ii.) Aspherical Lenses . — The optical for- 
mulae of ordinary spherical lenses are of the 
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simplest and do not require discussion. Von 
Rohr has pointed out that the formulae hold 
good only in the case when the axis of the 
spectacle lens is directed towards that parti- 
cular object-point that is the principal object 
of contemplation, wliich would mean that in 
order to realise such conditions we should 
have to move our bends continually in looldng 
around ; this is avoi red in the ordinary way 
by moving the eye instead of the head and 
thus getting what is called direct vision. 

The result is that when the eye moves and 
looks towards the edge of the lens, fresh 
optical conditions are set up which result in 
aberration. It has not been found possible 
in actual practice to correct vision by the 
usual combinations such as are met with in 
photographic cemented objectives on account 
of the expense, weight, fragility, and liability 
of the lenses to become uncemented. Any 
attempts made to correct this aberration have 
been in the direction of giving definite form 
to the surfaces of meniscus lenses, according 
to the resultant focus required. Wollaston, 
Ostwalt, Tscherning, Percival, Gullstrand, and 
Whitwell have at various times drawn up a 
definite series of tables defining the curves 
which are likely to give the least amount of 
aberration with certain foci. The problem 
has naturally been more difficult in the case 
of toroidal or cylindrical lenses. GuUstrand 
has devised an aspherical surface of revolution 
where the meridian curve is different from the j 
arc of a circle, and includes such surfaces of | 
revolution as elliptic, parabolic, and hyper- 
bolic surfaces. ' Undoubtedly this is an ideal 
form of curvature and is limited only by 
difficulties of manufacture. . 

(ui.) Cataract Lenses . — As lenses for aphakic 
patients are generally above IS-OO D in 
strength, the weight of the lens is a great 
drawback. Attempts have been made to do 
away with this by cementing on an ordinary 
piano-lens a small convex lens, which does 
away with weight and reduces the aperture 
and consequently the aberration. 

§ (9) Test-oase oe Trial Lenses. — There 
is probably no piece of ophthalmic apparatus 
which is more universally used or relied upon 
by both ocuhsts and opticians than the test- 
case of trial lenses. No matter what method 
or instrument may be used, almost invariably, 
at some stage of the procedure, use is made of 
the test-case and trial-frame. 

The Trial -frame . — Lenses when used for 
testing a patient’s vision are usually mounted 
in a trial-frame, of which there are numerous 
patterns with adjustments to suit the patient 
and to rotate the lenses. Fig. 5 illustrates 
one form. 

A test- case consists of a series of the lenses 
forming the various combinations possible of 
spectacle lenses. They are nearly always 


circular, 38 mm. in diameter, unmounted or 
mounted in metal rings with handles. Some- 



Fig. 5. 

times they consist in their simplest form of a 
small series of about 50 single spherical lenses 
for use in retinoscopy in the dark room, or 
they may include a full case of pairs of convex 
and concave sets of spherical and cylindrical 
lenses grading by 0d2 intervals up to about 
3-00 D, by 0-25 intervals up to about 4-00 D 
and 0-50 intervals to about 8-00 D. The larger 
eases generally contain very many accessories, 
such as a full set of prisms, blanks, pinholes, 
and stenopaio slit discs, together with a full 
range of coloured glasses. Some trial - cases 
also contain extra smaller sets of bifocal and 
cataract lenses. Almost any combination 
can be made by combining one, two, or three 
lenses together, although the distances from 
the eye and the separation of the lenses must 
be taken into account when ordering the 
actual spectacle lenses. 

For that reason, the ideal test- case should ^ 
consist of piano-spherical lenses ratheiOthan : 
bi-spherical. 

The Optical Society set up some yeaffi ago " 
a set of standards for trial-cases, and-lonses 
are tested to these standards at thcr NaBonjil 
Physical Laboratory. ' ; ~ - 

The pinhole discs consist of small various- 
sized perforated discs which afford a speedy 
means of determining whether imperfect 
vision is due to ametropia or to other conlfi- ~ 
tions. In pure ametropia, the pinhdlo re- 
duces the circles of diffusion and gives, good T 
vision with a certain loss of illumination. Tn 
other oases it makes the vision worsej^ The 
cases in which it is likely to be misleading 
are of an unequal surfaced or facetod'pornoa ^ 
or conical cornea, where better vision Ir'somo- l. 
times secured by a pinhole disc and yet no 
suitable correcting lens can be found. 

The stenopaic slit acts very similarly in 
cases of astigmatism, where the diffusion areas 
on the retina are greater in one principal 
meridian than in another. The stenopaio slit 
limits them at right angles to its length. 

The ordinary use of test-lenses is to tost 
each eye separately, giving the strongest 
convex lens in the case of hypermetropia, and 
weakest concave one in the case of myopia, 
consistent in each case with best vision. In 
similar fashion, but applicable to one meridian 
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only, use is made of cylindrical lenses for 
astigmatism. The difficulties likely to be 
encountered in the subjective use of the trial- 
case arise chiefly through having to rely 
upon the answers of the patient and the 
tendency there is to excite the accommodative 
apparatus Of the eye. 

Some operators use, in order to save time, 
apparatus consisting of a series of test-lenses 
rovolvmg before the eye of tlie patient. These 
are sometimes termed refractometers, or by 
various proprietary names. 

Subjective testing, or the use of trial lenses, 
cannot be regarded as thoroughly satisfactory 
until the conditions of the lenses in the trial- 
frame on the patient’s face approach those of 
the actual spectacles. To this end the lenses 
should be very thin ; if a combination of two 
is used, then each trial lens should be half 
the thickness of the spectacle lens. The trial- 
lens should be piano-spherical or piano- 
cylindrical. The two piano surfaces of these 
should face each other ; the separation between 
them should be almost nil ; and the distance 
of the farthest lens from the eye and its tilt 
should be the same as the actual spectacle 
lens Avorn. These conditions of course are 
difficult to fulfil, although instruments have 
recently been devised to measure the distance 
of the spectacle lenses from the eye, and also 
of the trial lens, and to make comparison. 

Many users of test-cases prefer to estimate 
the ^fraction by such objective methods as 
- retin^scopy, ophthalmometry, and ophthal- 
mosoopy, putting up an approximate com- 
binalabn into the trial-frame and then by 
shgh^ adjustment or alteration determining 
“ the final ' correcting glasses. Some, however, 
^ prefer-toitely entirely on subjective methods 
and more or less adopt a defiffite system and 
rigid routine in its use. 

“A oaroful operator who ‘relies principally 
f- upon his test-case without preliminary object- 
.,1 iyo findings nearly always uses some kind 
t: oirother of “ fogging ” method. This consists 
~ m bluing the vision by a positive lens of 
power^l^ excess of that required for correction 
~ and iftterpoaing negative lenses of gradually 
Linorea'Bing power until distinct vision is ob- 
--tainodr By approaching the desired correc- 
tion from this side the patient’s accommoda- 
tion is prevented from coming into play and 
loroducing an apparent increase in myopia. A 
fan line diagram or similar test chart should 
bo used, otherwise mixed astigmatism may be 
overlooked. 

One such modem subjective system consists 
of the use of the usual set of test-letters, a set 
of fan lines and a block or series of parallel 
linos capable of being rotated to any particular 
meridian. The procedure is to use the test- 
letters only to ascertain the visual acuity 
before and after testing, and to rely upon 


fitting separately the two principal meridians 
without further reference to the test-letters. 
The patient is asked to state which hnes in the 
fan are the clearest. The set or block of 
parallel hnes is then fixed at right angles to the 
clearest line and therefore at the worst position 
at which they can he seen. Convex spherical 
lenses are tried upon this, and if the vision is 
improved are increased in strength until the 
best result is obtained ; the fan hnes are then 
again resorted to and the patient is asked to 
pick out the best set ; a suitable concave 
cylindrical lens is then put in the trial frame 
and turned until the fan lines appear equal in 
clearness. Should, however, convex spherical 
lenses not improve the block hues in the first 
instance, the procedure is repeated from the 
start with the block lines at the opposite 
meridian or axis. If convex sphericals are still 
useless, concave sphericals are tried and the 
same procedure followed. If the block is stOl 
seen most clearly without the aid of a lens, it is 
assumed that that particular patient is emme- 
tropic and that a concave cyhnder with its 
axis properly oriented is alone required. The 
advantage of such a system is that the most 
difficult complicated eases of astigmatism are 
gradually ehminated at the outset; there is 
little tendency to excite the accommodation, 
and by the use of concave cyhndrical lenses 
only instead of convex the best form of 
periscopic lenses is secured. Any system which 
does not allow of an exact placing of the 
cylinder in the trial frame is haphazard and 
casual. 

§ (10) DlB’FtrSION - AREA INSTRUMENTS. — 
These instruments depend upon diffusion 
areas for the estimation of refraction. The 
Culbertson prisoptometer in optical construc- 
tion is rather lilie an ophthalmometer in that 
it has a double prism which can be revolved 
through the various degrees of the scale. The 
patient looking through the circular opening in 
the centre of the instrument sees two circles. 
If, when the instrument is adjusted, the circles 
are just in contact, the case is one of emme- 
tropia ; if they overlap each other it is myopia ; 
and when they separate it is a case of hyper- 
metropia. Theoretically, it is a very ingenious 
instrument, but as the intelligence of the 
patient is called into play, exactness and 
accuracy do not always follow. 

Another ingenious diffusion instrument is 
the ametrometer of Thomson, which consists 
of two very small flames or sources of light, 
one stationary and the other movable on a 
graduated arm, revolA^g about the first flame 
as a centre. The method is to move one flame 
along the arm until the two flames appear to 
fuse. The approximate strength of the lens 
required is marked on the scale. 

Under the head of different tests may come 
that of the Cobalt-blue lens. For the purposes 
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of this test a cohalt-blue glass, which appears 
dark blue but contains as much red, is fitted in 
the trial - frame. Cobalt-blue glass has the 
jiower to exclude all but blue and red rays. 
Blue rays are more refrangible, and therefore 
focus sooner than red. If such a glass is placed 
before the patient’s eye and a small flame used 
as a test object an emmetropic patient will see 
a small circle composed of two colours equally 
mixed — that is to say, purple — but a h3rper- 
metropic patient will see a red ring of light 
with a blue centre, and a myopic patient will 
see a blue ring with a red centre. 

§ (11) Optometees. — Optometry is a term 
sometimes apphed to aU ocular methods of 
estimating the refraction of the eye. We 
confine the apphcation here to that generally 
accepted in Europe, i.e. to instruments where 
an adjustment of lenses is made by the patient 
in order to obtain the clear image of an object 
and the result recorded on the metric scale. 
Hence the term. Prior to the introduction 
of retinoscopy and phorometry, the opto- 
meter was almost the only method of estimating 
the refraction other than the trial case of 
lenses. There are probably more varieties of 
optometers than of all other ophthalmic 
instruments put together, probably due to 
their construction being so closely allied to that 
of the ordinary optical bench. In actual 
practice their use has been almost entirely dis- 
continued, chiefly owing to the uncertain 
accommodation of the patient wliich so easily 
confuses the result. This involuntary act of 
accommodation is due to the fact that all such 
optometers are provided with a small eye- 
piece aperture; and this, combined with the 
need to rely upon the abihty of the patient to 
decide very accurately as to comparisons of 
clear focus, calls into play the accommodation 
and imagination. 

The most of the older optometers rely upon 
the well-known principle of Scheiner’s experi- 
ment that if a card in which two small holes are 
pierced at a distance from each other less than 
the pupillary diameter is held in front of the 
eye, a luminous point seen from a distance will 
appear to a normal-sighted person as one light, 
whereas to one with defective vision, it will 
appear as two lights. 

De la Hire, Porterfield, Thomas Young, 
Helmholtz, Bull, 'and many others followed on 
with modifications of instruments, all based 
on this principle, but while all of them are 
optically interesting they are unsatisfactory in 
actual practice. 

Subsequently Coccius, Bonders, Be Graefe, 
Perrin, Badal, Hardy, Be Zeng, and many 
others designed optometers to obviate the 
effects of accommodation. Most of these 
employ a fixed convex lens serving as an 
eye-piece and a movable illuminated object. 
The patient places the object where he sees it 


most clearly and notes its position relative to 
the principal focus of the lens. If it be between 
the lens and the principal focus the rays which 
enter his eye are divergent, he is short 
sighted ; if it is beyond the principal focus, he 
is long sighted. The difficulty of obtaining 
accurate results is that while optically accom- 
modation may be ehminated, yet the mental 
effect on the patient of seeing something at a 
distance which really is close to upsets his 
judgment and he gives inaccurate positions 
for that of the clearest vision. 

Optically the best of these is the instrument 
of Badal, where a fixed single biconvex lens 
is placed so that its principal focus coincides 
either with the nodal point of the patient’s 
eye or with its anterior focus. In either case 
the size of the retinal image of an object 
situated at any distance in front of the lens 
is unaffected by moving the object nearer or 
further away. This destroys the sense of 
varying distance and prevents the accom- 
modative efforts which result from this. This 
optometric system is the best if one can rely 
upon the accurate judgment of comparison by 
the patient. j. 


Optic Axis : a direction in a crystal along 
wliich there is no separation of the 
ordinary and extraordinary rays. Crys- 
tals having one such direction are known 
as uniaxial ; those having two such direc- 
tions as biaxial. See “ Polarised Light 
and its Applications,” § (5). 

Primary and secondary. See ibid. §§ (7) (ii.) 
and (18) (iii.). 

Optical Activity : the power possessed by 
certain substances of rotating the plane of 
polarisation of a beam' of light passing 
through them. See “ Polarised Light and 
its Applications,” § (20). 

Optical Bench, for testing of lenses. See 
“ Camera Lenses, Testing of ” ; “ Lenses, 
Testing of Simple.” 

OPTICAL CALCULATIONS 

§ (1) Trigonometeioal Methods. — The 
methods employed almost exclusively in the 
past in the computation of optical systems 
have consisted in tracing step by step the 
paths of a few rays selected according to rules 
which are largely empirical in character. 
From the point of view of the computer this 
system has much to recommend it. The 
amount of calculation involved is Hmited, 
and with a certain amount of past experience 
to indicate in what direction modifications 
intended for the improvement of a system 
already approximately determined are most 
likely to prove satisfactory, the evolution of 
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systoniH attaining such a degree of correction 
as has iir tiio past proved necessary is possible 
in not too prolongcvl a time. The methods 
most extensively eni[)loycd arotrigonoiue-trie.al, 
and it will he convenient to record hero the 
systems of cij nations very commonly used for 
tracing rays through a series of coaxial 
spherical refracting surfaces. In the lirst 
example the ray li(“s in a jtlane passing through 
tlu' axis of the system, and the i)roblem is 
simply two-dimensional. This case covers 
by far the greater ])art of the calculations 
normally made. In the second case tho ray 
does not lie in an axial plane, and tho portions 
of tho path lying in three auccesaivo media 
will not usually bo coplanar. 

Suppose that there are w sphorieal refracting 
surfaces having their centres of curvature 
on a atraiglit lino coincident witli the x axis 
of co-ordinates. Lot the surfaces bo distin- 
guished by the a numbers 1, 2, 15, . . . VI, . . . 
n, the oi’der of tho uuiuhoi's being that in which 
the siirfaiu's are met by a ray of light traversing 
the system from tho t)bject space to tho imago 
space, '.riie radius of eurvaluro of a Hiirfuco 
is denoted by r, to whuih is added as a sullix 
tho uumbc'r of tho i)artie.u!ar surface. The 
sign eonvention adoidod, wliieh is almost 
nniviu’sally ac(s»pted, iwpiires r to be regartled 
as a positive c(uantiLy when the light is 
incident on tho convex side of the surface, 
negative when ineident on tho conoave side. 
Thus with, a [jositive radius of curvature, 
anil with tho light represented in diagrams 
])a8Hlng from tho left to the right, the centra 
of curvature will be situated to the riglit of 
tho vertex or point in which the refraoting 
segment of tho 8i)h(,iro moots tho axis. Eaoli 
surface marks tlio soparation of media of 
diHorent refractive indices, and it is convenient 
to use mimbcrs to distinguish those also. 
Tho total number of those media is ri-i 1, 
and they will be denoted by tlie numbers 
0, 1, 2, . . . n. 'I'hus tho number of any 
medium is the same as that of tho surface 
which bounds it on tho loft or object side, 
and is less by unity than tho nurnhev of tho 
surface funning the bonndnry on tho right or 
image side. This notation is an easy one to 
remember, but several others are ooraraonly 
employed. In some oases even numbers are 
used for surfaces and odd numbers for media, 
in others tho converse arrangement is adoiited, 
while yet another system involves tho 
introduction of half integers. Such variety 
in the notation is apt to lead to mistakes, 
and that hero adopted, which is less clumsy 
than most alternatives, will bo generally 
followed in the articlei of this Dictionary. 

All the quantities rc(|uired to sjiecify the 
position of a ray or tho configuration of the 
refracting system can ho divided into two 
groups, in tho first of which the quantity is 


naturally roforablo to a particular surface, 
while in the second it is associatod with the 
medium. In the former group tho quantity 
boars tho suflix corresponding to the surface, 
in the latter case the sullix of tho medium is 
used. Kxamplcs of tho former are the eo- 
oriliuates of tho ])oint of refraction at a surface, 
or tho angles of incidence and refraction ; 
and of the latter tho refractive index, the axial 
soparation of tho two bounding sinfacoH, and 
co-ordinates giving tlio direction of a ray in 
tho medium. 

The refractive index throughout the present 
article will bo denoted by /x, Q-'ho axial 
distance between tlio vertices of two surfaces 
is denoted by t, and will for eonvenieuco be 
referred to as the tliie.kncss whether this 
distance is tho aotual thickness of a lens or 
tho axial seiiaration of noighhoiii'ing siirfaeos 
of two lenses. Tho distanee between tho 
controH of (uu'vaturo of two siiifaces may ho 
denoted by (t, so that if L is regarded as 
osHcntially posilivo, and a is positive if tho 
centre of curvature of the surface of lower 
sullix is to the loft of that wliich follows, tho 
relation 

(l-m - bn 'I I i • • • (1) 

will hold in all eases. In ti’igonomet.rieal 
ealeulatieuH the formulae present themselvoa 
most readily in a form suited for logarithmic 
computation when the iiontrc of curvature is 
taken as a reference point, and the separation 
of HueecHsive centres of curvature must bo 
determined from this equation. 

Hymbols aro required to denote tho quantities 
by whie.h tlu; iiosition of lUo ray is determined 
in. relatinn to the rofraeting surfaces. The 
angle made by the ray with the axis of sym- 
metry of the system will bo denoted liy with 
the addition of the suflix of tho medium. 
Tlie angles of ineideneo and refraobion at any 
surface will bo refjrosonted by 0 and (j/ 
respeetively, with tho surface suflix. When 
the ray lies in an axial jilano the point in 
which it meets tho axis, together with \fi, will 
fix its position. This point is referred to tho 
eontro of curvature of tho surface, and eonso- 
quontly tho surfaeo sullix is used. Tho 



distances from tho centre of curvature, 
measured in the light direction, to the crossing 
[joints of an ineident and the eorrcsiKmding 
refracted ray will l)e denoted by u and v 
respectively {Fig. 1). 
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For a single surface it is evident that 

sin 0 = - ^ sin i// . . . (2) 

is the equation from which 0 will be found 
when the position of the incident ray is given. 
0' is, of course, determined from the refraction 
relation 

sm 0'=ja sin 0, . . • (3) 

and since the distance on thq surface of the 
point where refraction takes place from the 
axis is given by either ?-(0 - 0) or r(0' - f'), 
the inclination to the axis of the refracted 
ray is obtained from the angular relation 


0' = 0 - 0 + 0'. . . . (4) 


The remaining quantity v required to specify 
the position of the refracted ray is derived 
from 


r sin 0' 
sin 0' ■ 


( 6 ) 


For a series of surfaces these formulae, together 
with one additional relation transferring the 
reference point for the refracted ray to the 
centre of curvature of the succeeding surface, 
take the form 


jXm sin — /J-m-i sin 

~ 0m 1 ~ 0m + 0''m, 
_ Tm sin <p'm 

— ihr0; ’ 


ft — ?’m ~ 

These equations ate obviously well suited 
for logarithmio work, and the only details 
requiring special attention are the signs. 
For paraxial rays ^ the same formulae are 
generally used by trigonometrical workers 
with the sines of the angles replaced by any 
convenient multiple of the angles themselves. 
Whore this system is used tables of logarithmio 
sines based on the decimal division of the 
radian are much to be preferred to those in 
ordinary use. 

The chief weakness of this system is that 
when a radius becomes infinitely great an 
entirely distinct sot of formulae must be 
used, and that when any radius is relatively 
largo an increase in the number of significant 
figures is necessary to avoid loss of accuracy. 
To obviate this latter difficulty special formulae 
for long radii are frequently introduced. For 
an account of these reference may be made to 
Applied Optics, Steinheil and Voit, translated 
by French. 

' I.e. rays always close to the axis at the time of 
refraction and only slightly inclined thereto. 


The process of tracing rays trigonometrically 
when they do not he in an axial plane is much 
more troublesome. The system most generally 
used is due to von Seidel, and is discussed in 



Fia. 2. 


The incident ray PO encounters at P a refracting 
sphere of radius r and centre C. PO' is the 
refracted ray. The plane through C normal to 
the axis cuts these rays in 0 and O', and the 
normal to it through P in Q. An arbitrary refer- 
ence plane througli the axis cuts QO and QO' in 
N and N'. C, 0, 0' are coUinear, and the lino 
determined by them makes angles X and X' with the 
incident and refracted rays. Denote the lengths 
CO and CO' by I and I' respectively. Let f be the 
angle made by the lines 00' and NN' which meet at 
C, and lot QON, QO'N' make angles 6 and 0' with 
CNN'. Other letters retain the -meanings already 
applied to tiiera in considering a ray in an axial 
plane. The formulae to be used suppose that Z, d, 0 
are given and that the corresponding quantities for 
the next refraction are to bo found. They are 

cos X=8m 0 cos (9-^), 
r sin 0 = Z sin X, 
f/ sin 0' = |U sin 0, 

X'=X4 0- 0', 
j/_rsin0' sin X 
sin X' ~ IJ.' sin X'’ 
sin 0' sin {O'— f) sin 0 sin (6-^) 
sill X' sin \ 

sin 0' cos (0''-f)=oo8 X'. 

These give V, 9', 0'; it is evident that f is unchanged. 
For the next incidence introduce the suffix 1. Then 
simple projection gives 

Zi sin sin 

Zi cos cos (0'-f)-atan 0', 

which completes the solution on noting that 
9 1 — 9', 01 = 0'. 

A number of other distinct solutions have been 
evolved by various workers, but into these it is 
unnecessary to enter. This example illustrates 
fairly the complexity of the best trigonometrical 
methods of tracing skew rays. 
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§ (2) Algebraio Methods. — Such methods 
of calculation as have just been described, 
essentially trigonometrical in character, "were 
for a period the only means of obtaining 
results of high accuracy for general optical 
systems. The recent development of machines 
for the mechanical performance of arith- 
metical operations has largely altered the 
prospects, and at the present time calcu- 
lations of this land can be carried out 
much more expeditiously without employing 
logarithms at all. The old formulae for 
the most part seem to be stiU used with 
the new tools, but this course is not to 
be recommended, for greater accuracy and 
more valuable information become avail- 
able by an entire 
change in the basis 
of the calculations. 

There is no need 
with the new for- 
mulae to employ 
a trigonometrical 
notation, for tables 
need not be used, though in certain cases 
they may be introduced as an inde- 
j)ondent check on a series of operations. It 
is convenient to have a separate name for 
these newer methods, and the distinction 
just noted provides the convenient distinc- 
tive name “ algebraic ” as opposed to 
“ trigonometric ” which describes the older 
methods. 

In developing these algebraic methods it is 
desirable to conform as far as possible with 
the conventions generally adopted in analytical 
geometry of three dimensions, and in some 
branches of mathematical physics. All points 
and lines will accordingly be referred to a 
right-handed system of orthogonal axes, of 
■which the axis of x is assumed to coincide 
with the axis of symmetry of the optical train. 
The hght in general travels in the direction 
of X increasing. The co-ordinates of a typical 
point on an incident ray may be denoted by 
{x, y, z), and those of a point on a refracted 
ray by y', z'). The direction cosines 
of a ray may be represented by L, M, N. 
The point on a surface at which refraction 
takes place may be represented by (^, 17, f). 
It is convenient to introduce R, eq^ual to 1/r, 
to represent the curvature of the refracting 
surface. Consider for the moment a system 
consisting of a single surface. The general 
problem awaiting solution is the determination 
of a set of six quantities (a:', y', z', L', M', N') 
for the refracted ray when any set {x, y, z, 
L, M, N) has been given for the incident 
ray. The origin may conveniently be chosen 
as the intersection of the axis -with the refract- 
ing surface, so that the equation to the surface 
is 


Now since (|, ij, f) is on the given ray, the 
co-ordinates are of the form 

^=x-Lp I 

i7=y-Mpl, . , . (71 

t=z-Np I 

where p is the distance along the ray from the 
surface to the Icnown point in the positive 
direction of travel. The substitution of these 
values in the surface equation gives 

2(x~ Lp) = {x^- +2= _ 2p{Lx -I- My -i-Nz) -t-p-} R 

as the equation from which p.is to be found. 
The solution to be chosen is that in which p 
tends to zero with x, y, z : thus 


the last form being always determinate. 
The point where refraction takes place is thus 
known. It is next necessary to find the 
direction of the refracted ray. To obtain 
this in a suitable form for algebraic calculation 
consider the triangle PUV {Fig. 3), where P is 
the point of refraction and PU and PV lie 



along the incident and refracted rays. If these 
lengths in some convenient unit are made 
proportional to the refractive indices, the law 
of refraction shows that UV ■will be parallel 
to PC the normal to the surface at P. Pro- 
jecting the triangle PVU on the axes of co- 
ordinates in turn, and noting that the direction 
cosines of PC, and therefore also of UV, are 
1 — jR, — tjR, — fR, 

Ai'L'-UV(l-fR)- iaL=0, 

m'M'-UV (-yR)-pM=0, 

/N'-UV (-fR)-MN=0, 

or since UV = p.' cos <f>' — p- cos 

the refraction equations take the form 

p'JJ — plL p'M.' — pM. _p.'Fi' — piS 

1-?R ^R -^-R 

= p/ cos <p' — p. cos c/i. (9) 


p=L(a: — r)-t-M2/-fN'z— [{L(a: — r)-f-M2/-l-Nz}“ — — 2/^- z^ + 2 xr]i '1 

_ x‘+y’‘ +z’‘- 2xr I 

L(z-r)+My+Nz+l(L{x-r')+M.u+Nc}’‘-x-~v’‘-z^ + 2xr]^ I, (8) 

2x-{x^+y^+z-)B. 

L — (La:-l-M2/-l-Nz)E.-l-[{L— (La:-t-M2/-(-N2)RP ■+ 2 a;Il— (x^+y^ J 




. ( 6 ) 
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This equation, requires 0 and 0' to have been f 
previously determined. The equations for a 
these are 

cos0=L-(LHMi7 + Nr)R . (10) 

and q' sin 0' =/x sin 0. . . (3) 1 

Finally the co-ordinates of any point on the ( 
refracted ray are of the form ( 

_ y' , (11) 

UU ■" W ~ W ^ ^ 

Avhore p' is the distance of the point selected 
from the place of refraction. 

Although the equations as they stand 
provide a complete solution of the problem, 
they are not in the best form for numerical 
calculation since an unnecessary amoimt of 
work is involved. From ( 10) and (7) 

cos 0 = L - (La; ■+■ My -1- N2 - 0)R 

= [ {L - (La: My -1- Ns)R} “ + 2a;R 

-(a:=-}-y“-t-z‘)R=]^ (12) 

by (8), a result more directly obtainable 
from a figure in the form 

sin“ 0=(l-a:R)H-(y»+2“)R“ 

-{L-(La:-|-My-t-N»)R[“. (13) 

The use of this equation and the square of 
(3) enables the last of the equal quantities of 
(9) to be calculated on the machine by extract- 
ing two square roots. Of those, that represent- 
ing cos 0 is the square root which appears 
in the final form in equations (8). The 
complete solution thus depends upon these 
two square roots and direct multiplication. 

Wlion a series o£ surfaces with their centres of 
curvature on tlio axis of * arc substituted for the 
single surface, the values of rp i* surface 

may bo taken as tho x, y, z, with a corrootion t for 
tlio X co-ordinate, for the next surfaco. It is thus 
only necessary to repeat tho process described for 
each surface in turn. Tho problem may, however, 
bo much sirapliflod by noting that no attention nee 
bo paid to tho y and 2 co-ordinates. Suppose that m 
denotes a typical member of a train of rofraotmg 
surfaces numbered from 1 to n. Denote by 14.™ the 
quantity 

{pLmOOS (p'm-y-rn-x COS 0m}ttm, • t-*-*/ 

and lot Tm bo tho length of tho ray intercepted between 
surfaces m and m -I- 1. Assume for tho moment that 
all tho t’s and K’s are known. The y and z equations 
in (9) and (11) take the form 


TW 

y m-l-i ” ym + 

MmN jn ” /U„,_ iNm- 1 ~ ^rri^m 

fm+i 


, - ( 16 ) 


from which it is evident that linear relations connect 
any three of the four members of the groups 

/XqMqj TJi, /Inhfn, Xjn, 

Mobfo, fi, /Jri^n, ("n. 

the coefficients being linear functions of the various 
K’s and t’s. The forms of these coefficients may 
easily be found by induction. Construct the 
quantities 

0K,,„ 0K„„ 

^ 0Ki ’ 3K„ ’ oKiOKn 

from tho equations 

9Ki,x)i 3Ki,,n-i I Y 9^Ki,m 

~Wr~ SKi ”‘dKMm l_,(i6) 
9 Ki,w-i 
Dk,„“= aK„-x 

9®Ki,7,j 0^Kx,ni-i VxTi-l 

0KxaK,„ = 0 k;^,;;7x ■■ 0Kx 

by putting m in turn equal to 1, 2 . . . n. The 
initial values are 

rr Tr tr A i . a n?! 

Kx,x-Kx; K,,„=0, 0^-- = l. 0Kx» ^ ’ 

Since the equations are Unear the quantities thus 
defined by separate symbols justify the differential 
form selected, which indicates how the four quantities 
to which the equations lead are related to one another. 
It is important to note that tho four are not in- 
dependent in value. For, on combining the first and 
tliird of tho equations, 

K,,,„= (l_ l2riK \k,,„... +K„.g^. 

and similarly from tho second and fourth 

0Ki,ni \ C)Ki,ot-i , 9~K i ,t>>- i 

; 9Kx +^™c'K.0Km-i’ 

and therefore on simplification 


and is therefore independent of the value of m. 
On putting m=l tho left side reduces at once to 
unity and thus the relation 

0K,,„ 0K,,n p- . MR) 

connects the four quantities. 

Retuniing now to equations (16), say the first pair, 
assume that for some value of m it has been shown 
that 

MmMjn = y^oMo A-rr m j 

I, . (19) 

9K_,,m I ’ 


^oMo 


• -1-yi 
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botli of which are evidently true for m=l. Prom the 
second of equations (15) 

•|i» f Tjn I 

Vm+l-- I J 


d*"*?!! O-K- — K., TO f 

1. dKTO P-m J 


' PoM-q 


9‘K,,, 


■+v 


3K,,« 

‘ 3K„, 


“aKi3KTO+i 

by (16). Hence also 

=m„M. I -g^— +^^’^‘9 k,3K;J),} 


• — Po^l 


3K, 


3Ki 


- — TJjElijTO+l 


by the same equations, thus verifying the accuracy 
of the forms assumed in (19). Evidently another 
relation of the same form holds if N and f are sub- 
stituted for M and tj respectively. The calculation 
of tho four quantities thus defined therefore serves 
to determine the direction of the emergent ray, 
since two direction cosines are found, and the position 
of tlio point in which the ray meets the last surface, 
since this is known from two of the co-ordinates. 
The ray is thus completely determined. 

Before considering how the K’s and t’s are to be 
found, it is desirable to note the symmetrical char- 
acter of tho K’s found from formula (16). If the ray 
already considered were retraced through the system 
in the reverse direction the individual K’s and t’s 
would be unaltered. This is evident as regards 
tho latter, since they represent lengths which are 
essentially positive. As regards the former the first 
factor changes sign since the various refracting media 
are encountered in the reverse order ; this change of 
sign is compensated by a change in the sign of the 
curvature, for tho surface which was before convex 
to the incident light is now concave, and vice versa. 
The individual powers, like the individual t’s, thus 
remain unchanged. It follows that the various 
quantities to bo derived on retracing the path of the 
ray will be identical with those already obtained if 
K,,„ is symmetrically composed of the component 
K’s and t’s with respect to the two ends. When n 
is small it is easy to see that this is the case. For 
instance, if n=2, 

K.,,=K,-fK,-^KiK^, 

and if ?!.=3, 

Ki j, =Ki-l-K2-t-K3- ^KiKa— f~ 


-^KsK,-!-- ^K.K^K, 

Ml Ml Ml 


when written out in full. To show it in general 
construct the quantities 

3K'„„ 3K'^ 3^K^.„ 

^ 0K. ’ 3K„ ’ BK.aKn 


by repeated application of 


K'. 


wi,n — ' H TO-f-i,n "f" K: 

3K' 


3K'„ 




CfK. ftijn 

dK' 

7»,n , _3K' 
"3K„^“ 
3'^K'to,, 


■ -- K' 




3K„ 

3’‘K m+-i,n 


+K 


3’“K', 


3Kto3K„ 3Kto+,,3K„ 


5KtooK„ 

3K' 

OK-n 


( 20 ) 


It follows exactly as before, that 


3K'.,„ 3K'.,„ 3=K',,„ 

3K. • 3K„ ‘’"3K,3K„ ’ 


( 21 ) 


and that 


Mn^n “b^nK i,«, 


Vi =MtMn 


d^K\ 


+ Vn- 


3K'j,„ 


3Ki3K„" 3Ki 


(22) 


as may indeed be inferred by analogy on noting that 
the M’s and N’s are changed in sign with the reversal 
of the ray, while the ij’s and f’s are unaltered. Now 
eliminate ■>?„ from (22) ; thus 


/ToMo 


3K'„„ 

3K, 


— Mri^n 


by (21) ; similarly on eliminating Mn 


■ „ 3“K',,„ 3K',,„ 

-rjn, 


with similar relations between the N’s and f’s. 
Comparison of these relations with (19) shows that 
Ki,n and K'i,„ are identical. 

It still remains to find the individual K’s 
and t’s so that four co-ordinates sufficient to 
determine the final ray can be found from 
(19) and the corresponffing equations with N 
and f substituted for M and 97 . Formulae for 
this purpose may be arranged in many different 
forms, each of which has its ovra special 
advantage. In general the simplest forms for 
the purposes of numerical work are open to 
the objection that they assume indeterminate 
forms for flat surfaces and cause loss of 
accuracy for surfaces of shght curvature. 
On the other hand, forms may readily he found 
of universal appheability which involve no 
loss of accuracy, but they require a slight 
extension in the number of operations at each 
surface. 

It is not possible in the space available for this 
article to discuss thoroughly any of these forms, 
but since accuracy is usually more important than 
brevity one of the many possible arrangements of 
the second class may be noted. Let the square 
of the distance of the point of refraction from the 
vertex of the surface be denoted by 2y, and the 
lengths intercepted on the mcident and refracted 
rays between the feet of perpendiculars to them from 
the vertex and the point of refraction be respectively 
p and p'. X i® invariant on refraction, and by (6) 
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and ihoroforo from (9) p and j)' are connected by the 
relation 

, . . (23) 

while the inclination of the ray to the axis after 
refraction takes tho form 


L'=oos . . . (24) 

It is at onoo evident that to complete the system for 
tracing rays it is only necessary to derive equations 
giving tho values of 'p, and cos 0 for the next 
surface. Equation (12) gives 

sin* {E^(l 

a result easily derived directly from a figure. Since 

®mE/mE’TO ti Ejn+i + i7nEimIIm4-i, 

every term m tho equation is always finite, and 
cos cos and Km+i are derived in tho 

usual way after tho extraction of two square roots. 
Erom equation (8) the value of is found — 


<m(2 + < 

Em(l +imE<m-l-i) — +008 ipmi-i 


.( 20 ) 


and other obvious relations are 


Vm+i'^P • • (27) 


Xv»-|-i(^'l“^n>Eir»pi)“Xm(2” + rtnCpm +y «»). 


(28) 


§ (3) Advantages oe the Method. — The 
whole process, though quite straightforward, 
is somewhat tedious, but experience shows 
that in this respect it is in no way inferior 
to the logarithmio method generally used in 
tho past, for tho refei’onces to tables which 
that system involves, and which take up a 
large part of the total time, are completely 
avoided. The advantages of the algebraio 
method do not, however, end here, for the 
results not only give tho point of intersection 
of the emergent ray with the assumed image 
surface, but it is seen at once whether the 
whole of tho image in the neighbourhood of 
tho point to which tho rays relate is free from 
defects. In the most usual case both object 
and imago surfaces are required to be planes 
normal to tho axis. If aberrations are absent 
in tho imago of the point from which the rays 
considered have been traced, the condition 
for freedom in the neighbouring portion of 
the imago plane is that the values of Ki,„ 
for all those rays shall bo identical. Further 
important information is derivable from the 
way in which the value of depends 

upon tho position of the object point from 
which tho ray has been traced. 

Tho significance of Ki,„ and the derived 
quantities is made clear by considering the 
co-ordinates of points on the ray in the 
object and imago spaces at selected distances 
(measured along tho ray) from the first and 
last surfaces. Lot these distances measured 


in the positive direction from the surfaces 
be denoted by p and p', so that their co- 
ordinates satisfy 

y^rji+M-op, y' = r]n+'MLnp', 

z = L + No/), z' = tn + N„p', 
and therefore by (19) 



V. jUn Ltfi 


P_ 9Ki,n 
f/,Q SKn 

Mn oKj 


3K,SK„/ 


MoMo f f P f P TV __ 3Ni,n\ 

■" { Uo 0K, ) w oK„ ) 


(29) 

by (18). A similar relation holds if z and N 
are substituted for y and M. Now considera- 
tions of symmetry show that we should expect 
to find the image point in the same axial 
plane as the object point, or 


=- =G, say. 


If the image is plane and free from aberrations 
G is obviously its linear magnification com- 
pared with the object, and will be positive if 
the image is upright, negative if the image is 
inverted. Without assuming that aberrations 
are absent we may conveniently regard G 
as a magnification associated for a given 
object point with this particular ray. 

§ (4) Conjugate Points. — Equation (29) 
shows that if by conjugate points we mean a 
pair of points on the ray, one in the object 
space and one in the image space, which lie 
in the same axial plane, their distances from 
the end surfaces are connected by the relation 


P TT P 

J^i,n * — ^ 

Mn P'0 


0K, 


aK, 




0K„ fjin 3Kt 3Ki0Kn 


=0 

(30) 


and that in terms of the magnification G, 
3K,,n 


-^K.,n=- 

Po 


3K. 


^Ki,„ = £^-G 


(31) 


Pn 


0K„ 


Particular instances of these results of great 
importance in the theory of optical instruments 
are that the image of the first surface of the 
instrument is within the image space at a 
distance 

0®Kj,n /3K],n 
^”0K.0K„/ 0K. 


from the last surface, and that for light 
travelling in the reverse direction the image 
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of the -Jith. surface is in the first medium at a 
distance 

P-Ki,n /?Ki,n 
^“oK,&K„/ 0K„ 

from the first surface. Again, if the ray 
traced is a member of a pencU. which is refracted 
telescopically, so that Ki,„=0, the magnifica- 
tion is independent of the distance of the 
object if this is finite, and is equal to 3Ki,„/9K„, 
or l/{0K.,„/aK.). It is important, however, to 
note from (30) that the fact of a system being 
telescopic does not mean that the image of 
an object at a finite distance is not itself 
at a finite distance. On the contraiy, the 
peculiarity of the telescope is that it is only 
objects which are themselves at infinity 
which have an image at an infimte distance 
from the instrument. 

Conjugate points have so far been defined 
as the points in which a skew ray meets an 
axial plane. It is important to extend the 
definition in such a way as to have a defimte 
meaning when the ray lies entirely in a plane. 
Equation (30) would serve as a basis for this 
purpose, for this equation remains determinate 
whether the ray lies in a plane or not. An 
alternative-* definition of importance which is 
consistent -with this is obtained by eliminating 
oK,,„/ 3K, and oK,,„/oK„ from (31) by means 
of (19) and (22). Thus 

C/inMn ~ Oh/Ni,n ~2/ (32) 
atoNo - Gp„N„ = GzK,,„ = z'K,,r, r 

or eliminating G, 

^ flpM-o _ _ /4nMn (33) 

If a ray lies very nearly in an axial plane, say 
the plane 2 = 0, all the N’s and f’s will be small 
quantities of the first order, and K will differ 
from the value for a ray actually in this plane 
by a second order quantity. It follows that 
the conjugate points for a ray m a plane 
are the points of intersection of the ray with 
the focal line which lies in the axial plane when 
the image is not free from aberration. 

§ (5) Paraxial Rays and Collineab 
Images. — ^A n example of the first importance 
of the application of the above formulae is for 
rays which meet each surface near its vertex 
and which always make small angles with the 
axis. In such cases, if second order quantities 
are neglected, every cos (j> and cos (p' may be 
replaced by unity and every t reduces to t, the 
axial thickness. It is convenient to denote the 
special value of the K in this instance by k, 
so that 

• . (34) 

and the four fundamental Gaussian constants 
of the system are derived by applying equations 
modelled on (16) or (20). The quantity 


is called the power of the system, and its 
simplest interpretation is expressed in terms 
of the change of curvature an incident 
paraxial wave front undergoes on traversing 
the system. 

Since is invariable for all paraxial rays, 
whether skew or plane, it follows that the 
image of any plane object normal to the 
axis formed by such rays itself lies in a plane 
normal to the axis, and since all these rays 
enter and leave the system at points indistin- 
guishable from points in the tangent pianos to 
the first and last surfaces at their vertices, 
there will be no aberrations in the images 
formed by the rays, and the image will be 
identical with that which would result from 
colUnear theories of imagery. This result, 
however, cannot in general hold for non- 
paraxial rays. For suppose there is no aberra- 
tion over the whole plane image of a plane 
object when the magnification is G. By 
analogy with (31) the object and image planes 
for paraxial rays for magnification G' will be 
displaced along the axis by 


(1/G--1/G) 

H'd' 


, G-G' 
and fXn 

l^i,n 


from those for magnification G-. It at once 
follows from (31) that if and L„ are the 
cosines of the inclination of the ray to the axis 
before and after refraction the magnification 
for the point in which this general ray meets 
the new object plane is G", where 

\G" g) K„„ \G' GJ 

and its conjugate point is not in the new 
image plane for paraxial rays, but at a perpen- 
dicular distance from it equal to 

^n(G - GO {G{LnK„n - K„„) +GILoy„n - K.,n) } 
Ki,n {GKi,„ -I- G'(Lo(fi,n — Ki,„)} 


The conjugate point will therefore only coincide 
with the colhnear image point if 

L„=L„=fe, . . . (35) 

Ki,n 

a relation which cannot hold for wdde pencils 
of rays. It follows that collinear imagery 
in general is impossible, but that where an 
approach to it is of importance, as in photo- 
graphic objectives, the most satisfactory results 
wifi, be obtained by so arranging the stops that 
rays shall, as far as possible, lie after refraction 
parallel to their incident directions, or, in other 
words, the centres of the stops should lie close 
to the nodal points. 

The impossibility of collinear imagery is 
seen more readily from (31) if the result given 
earlier but not yet proved is assumed, that 
must have a constant value for rays 
passing through any given- point of the aberra- 
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tionloss plane image. These equations at 
once show that the conjugate points for some 
other value of the magnification lie on the 
surfaces of spherical shells with the points 
in this plane as centres. The confused 
character of the image elsewhere is at once 
apparent on considering the aggregate of these 
surfaces. Evidently the more unequal the 
inclinations of the rays to the axis before and 
after refraction the more complete is the 
confusion out of the proper imago plane for 
which the system is corrected, and hence 
follows the supremo importance of exact 
focussing Avith microscope objectives of large 
numerical aperture. 

§ (0) PiUNOirLBS Off Image Corkection-. — 
Equations (31) and (36) shoAv that it is to 
be expected that Ki,„, while agreeing in sign 
with Ki,„, should bo numerically smaller in the 
case of all rays concerned with images in the 
outer parts of the field of view. On the other 
hand, for a single surface at which the devia- 
tion is 8 equations (9) give 

k) (/a' -/«.)“ 

so that at every surface K tends to bo greater 
than K, which is its minimum value in refrac- 
tion. This natural tendency to bad correction 
is accentuated where t tends to bo smaller 
than t, as in a simple converging lens. It 
can evidently bo oorrooted in two ways : 
either there must be in the system some 
surfaces having powers differing in sign from 
that of the oomplete system, and at which the 
inoidonoo of the marginal and oblique rays 
tends to bo greater than in the case of surfaces 
of like power to that of the entire system, or, 
alternatively, the system may bo constructed 
of separated lenses so arranged that the t-’s 
for the marginal and oblique rays exceed the 
oorresponding I'b to an o.xtent which more 
than compensates for the increased values of 
the K’s duo to the oblique incidence. As a 
rule where the ' principle of separation is 
employed the alternative principle is intro- 
duced as well. These two principles will 
jnovido a key to the design of many optical 
systems. 

§ (7) Thin Lenses. — It will not be possible 
hero to attempt any detailed discussion of the 
general problem of lens design, but on account 
of its importance in physical instruments 
some consideration will be given to the theory 
of “ thin ” lenses and the application of the 
results to lenses which it is possible to construct 
and which may be called “ close ” lenses, from 
the consideration that while their thicknesses 
are not negligible, yet they are kept as small as 
the attainment of the required aperture and 
power will allow, some margin being allowed 
in addition to secure the minimum substance 
necessary both for strength in use and for the 


rigidity in working on wliich the attainment of 
surfaces of good figure depends. 

Consider, in the first place, a single lens of 
material of refractive index p. immersed in 
air. Suppose that the axial thickness is 
small, though not necessarily zero. The 
curvatures of the surfaces are and Rj. 
For convenience write ct for l//r. Then if p 
and p' are the distances from the two surfaces 
of the conjugate points for which G = I, 
equations (31) give 

pK,,2 = fUrKa, p'K,,- = — ZXTtKi, 

and similar formulae apply to paraxial rays 
with K and t substituted for K and r. If r 
is not large, and the inclination of the ray to 
the axis is small, the distance of the ray from 
the axis will be approximately equal at the 
intersections with the surfaces of the lens 
and at the" unit points as defined above. 
Denote the square of this distance by 2^- 
Then these points will lie on spheres of curva- 
tures (T and tr' through the axial unit points. 


where 

xRi + ^^-=-— 

^i,a 

and 

^ urrKi TO«Ki , 

xRa ^ = - +X0- ; 

also 

XRl+T=i-l-xI^2, 

and therefore, neglecting to this approximation 
the differences between the K’s and k’s as 
well as the squares of t and r, 


a — ff' — (Ri — R3)(1 ~ ro). 


= TSKu., .... (36) 


if the thickness is neglected. 

The unit surfaces therefore cannot both be 
planes in a thin lens. It should be noted 
that their relative curvature has the opposite 
sign to that of wave surfaces refracted par- 
axially, for the curvature of the refracted 
wave exceeds that of the incident wave by 
K, j. Thus the statement sometimes made 
that a wave front, which at some instant 
coincides with some object surface will at 
some subsequent instant after refraction 
coincide with the corresponding image surface 
is incorrect. On the simplest general grounds, 
the idea that the time taken to form the image 
of, say, a plane surface is independent of the 
part of the imago considered is evidently 
without foundation. 

From (31) it is easily seen that if the suffixes 
1 and 2 are used to denote two different pairs 
of conjugate points on a ray 

fin fia 

It follows that the magnification in the 
immediate neighbourhood of these surfaces 
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is unity in all directions, and that the curvature 
of any object near the first surface exceeds 
that of the imago by the constant amount 

CTK,,5. 

It remains to bo soon how the exact value 
of tiro curvatures of those unit surfaces depends 
on the shape of the lens itself. Prom sym- 
metry tho curvatures will become equal and 
opjjnsito in sign when tho same is true of the 
refracting surfacoa of tho Ions. On adding 
and simplifying, tho equations giving <r and 
tr' load to 

(j -f- cr' = (Itj. H- Ra)( 1 -I- w), 

so that tho incromont of tho curvature of each 
surface of tho lens by a given amount increa 80 .s 
the curvature of each unit sui-faco by (1 -fra) 
times that amount. If tho lens is thin and 
tho curvature of each surface exceeds that of 
tho oquioonvox form by Ski^j the curvatures 
of tho unit surfaces are 

-1-CT)[/Ci,a and {- 4-8(1 -i- ct)} K'l.s 

rospootivoly. Those results can be readily 
derived from tho consideration of a positive 
lens of small thicknoHs tho surfaces of which 
iutorsoot whon tho aporturo is small, if it is 
assumed tliat unit surfaces exist, that they 
are spherical ami pass througli tho axial unit 
points and tho circlo in which tho lens surfaces 
moot. It is evident from (31) and (32) that 
tho shax )0 of the unit surfaces, and lienoo tho 
shape of the Ions, affords moans of altering 
tho relation between Mq and Mg or Nq aird N 3 
while maintaining a constant value for the 
paraxial power, 

Tlio conoliision that tho unit surfaces are 
not pianos prompts tho inquiry whether a 
similar conclusion is true for images remote 
from tho lens. Tho investigation is made 
moat simply by considoi'ing a lens of zero 
thicknoss, and regarding tho rays which are 
refracted at tho common vortex of tho 
surfaces. At tho first surface 

008 f/it = l-|(lvr„a-l-Ni,*), 

00 a (/)/ = l approximately, 

and thoreforo 

K. =/c,{l-t- 1(1^1, «-(-N„>')+ • ■ • 

Similarly at tho second surface 

l-b • • • }' 

hut since refraction is at this point through a 
thin xmrallol film Thus for 

tho Ions as a whole 


and for magnification G tho object surface in 
tho noighbourliood of the axis is a sphere of 
curvature 

(1 4-ra-)/Ci,3 

1-1/G ’ 

and the imago surface a sx^hero of curvature 

_ (1 + 

1-G ■ 

Tho curvature of tho object surface thus 
exceeds that of the image surface by the 
constant amount 

(1 -|-CT)/v',,o, 

a result which it is easy to extend to the 
imago of any sx)herical object since (30) takes 
tho form 

. . . (38) 

P P 

It will bo borne in mind that in this discussion 
wo have iutorx)rotod tho “ image ” as the 
intersection of tho ray with tho focal lino 
contained in an axial plane. It will be 
necessary later to consider tho surfaces in 
which tho fooal lino normal to an axial plane 
moots tho ray, and tho corresponding results 
will bo found to differ from those derived 
above only in tho numerical coefficients to be 
assigned to tho characteristic terms. 

It is dcsirablo to oxtond theso results to a system 
consisting of any number of tliin lonsoa in contact 
with one anotlier on the axis. 3?or an oblique ray 
refracted through tho system at tho common vortex 
equations suoli as (37) and (38) apply to each 
individual lens, and since tho K’s are directly 
additive tho above results may bo at once applied 
to tho complete system by substituting 

(1 -ht:Ti,n)(v'i,n 

for tho spooial case with CTj,n being defined by 

whore tlio summation includes each thin lens of the 
system. 

Tlio results first oatablialiod relating to the shape 
of tho unit surfaces may now bo extended. It is 
not pormissiblo, without furtlior examination, to infer 
that tlio CT appearing in tho expressions for^ tlie 
curvatures of those surfaces in tho case of a single 
lens may bo gonoralisod for a group of lenses according 
to tho law exi)rosBod by (39). Tho axial thiokness 
will bo taken as zero, and tho values of tho t’s for a 
non-paraxlal ray anffioiontly small for tho product 
of any two or more r’s to bo nogligihlo. Tho assump- 
tion that wo are treating rays whicli traverse tho 
system approximately at a constant distanoo from 
the axis gives 

Rm), 

and if tlio external media are of unit refractive index 

-Pp, 


I 
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To the approximation hero required 


gK..« 

■0Kt 

3K„„ 

aiCn 


— 1 “ fi,n, 

= 1 — 


K.i,n — 

and therefore 

(T = Ri -1 — R»)i)Xnj+i,n 

Ki,n 

(T^ = Rn S!jIjn(Rm-|-i “ Rm)^i,wi 


; (40) 


where the summations extend over the internal 
media, i.e. from w = l to m=n-l. Considering 
first the curvature difference 


generalised results (41), (42) from those for the single 
lens in their general form by so boirding the system 
as a whole that the corresponding unit surfaces of 
the components have the same curvature while the 
required difference of curvature in the boundaries of 
the air lens is maintained. 

It would bo quite possible to take as the standard 
form for reference in this compound system that 
configuration in which the curvatures of the unit 
surfaces are equal and opposite, but it is found more 
convenient to adopt the form determined by the 
condition 

• • • (46) 

for reasons which will shortly be apparent. In the 
lens combinations found in actual instruments the 
values of § determined by this condition are invariably 
small. 


O'— cr^=Ri— Rj» + S!rrn;(Rm-i-i ~ Rm) 

, n 

= SR7n(uJm-i~ ro»n) 

1 

•n 

1 

( 41 ) 

by (39) since wo are regarding, as we may do without 
any loss of genbrality, that every alternate medium 
is that in which the whole system of thin lenses is 
immersed, and thus lias its ct equal to muty. 

By addition (40) gives 

(r + cr'=Ri+Rn 

— ” — ^urm(Rm+i~ ~ 

It is convenient to group together the curvatures in 
pairs, taking together each odd m with the next 
liighor oven integer. Each ct of oven suffix is unity. 
The equation then roduoos immediately to 

((r+ir')«i,n“-(l^ TO +RTO+l)^'TO.m- l-:(l+CTm) 

where the summation is taken for aU the individual 
lenses, m having all odd values from 1 to n—l 
inclusive. Since (r and a' have the dimensions of a 
curvature, wo may write 

+ ..... (42) 

where /3 is a pure number, and if we take S,„ as the 
deformation of the typical lens from its symmetrical 
form wo find, with a slight alteration in the notation, 

+ Sra'ni^'m(Ki,m“ ^ni,n), (43) 

where now «■«, is the power of a complete component 
lens, and nob of a single surface. 

If the curvature of every surface in the system is 
increased by the same amount S/Ci,n, it is evident that 
]3 is increased by 

2S(H-nT,,„), . . . (44) 

a result in complete accordance with that found for 
a single lens. It is not difficult to establish the 


The fact tliat the curvatures of the unit 
surfaces have been found in a form which 
only involves tlie powers for paraxial rays 
shows that the results obtained apply for all 
rays, whether skew or otherwise, which 
satisfy the assumptions made in this investiga- 
tion. In particular no distinction need be 
drawn between the two focal lines, the results 
thus differing markedly from those which hold 
for the images of objects at some distance 
from the lens. The unit surfaces in the 
neighbourhood of the axis of a tliin lens 
are entirely free from astigmajbism, and 
indeed it is this fact which makes the pres- 
ence of astigmatism elsewhere unavoidable. 
It appears necessary for astigmatism to bo 
present throughout the field of such systems 
as are of practical importance, with the 
possible exception of limited regions, and to 
obtain freedom from astigmatism where it 
is required, as in photographic lenses, it is 
necessary to introduce it in the neighbourhood 
of the lenses themselves. It is for this reason 
that in systems where the correction of astig- 
matism is desired a number of lenses well 
separated from one another are employed. 
Such systems tend to be the reverse of compact, 
and much skill is called for in combining to as 
groat an extent as is possible the contradictory 
requirements of a compact lens and a field 
corrected for astigmatisna. 

§ (8) Thin Lenses — Detailed Consideea- 
TiON. — Having now located the unit surfaces 
for any thin system it is next necessary to 
consider how K,,„ varies not merely with the 
obUquity of the ray but also with the distance 
of its point of incidence from the axis. Ap- 
proximate values of the t’s are known, and it 
has been shown that the difference between 
the K for any surface and the corresponding 
K depends upon 1 - oos 5, where 5 is the devia- 
tion at this surface. It is important that all 
the new terms should be expressed in terms 
of the external independent variables, and 
equations (19) and (22) will first be trans- 
formed to express the direction and position 
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of tb.e ray at an intermediate stage of its 
passage through the system in terms of its 
initial and final co-ordinates. Let tj and f 
without any sufBx indicate the co-ordinates 
derived from (31) by putting G = l. Then 
and f may relate at will to either the object 
or the image space. - Equations (32) give 

— MoNo j 

Equations of the form of (19) and (22) pro- 
vide independent sets of equations for any of 
the intermediate quantities, and on simplify- 
ing by using well-known relations there result 
the relations 

.. rr .. .. TV/r ^^m,n ,, 

with similar equations for N„, and U- 

For the special case of a thin system it is con- 
venient to rearrange these equations, substituting 
k’b for K’s in the form 

SO that 

2(M„ - M„,^) - (/toM„ +MnM„) 

)}] 

and therefore 

K-m = (Tni + 5 [(Mo^o + + (^0^0 + MnNn)“ 

— 2 {(^oMo +MnMn)'>? +(^0^0 -t-/^nNn)f} 

^ ^m,n ~ +M«i-j)}' 

+ (17°-!- j"^) {Ki,m ■” — It«i(/^fli+Mtn-i)}'*]. 

Now introduce the conditions that tlio external 
media are of unit refractive index, and suppose also 
that the same is true of the media m-x ^''^d 
Then after slight simplification 

Km H-Kto 4 -i = /rm,m-l-i 

+ i '1(^0 -1-M„)'‘ -|-(No -i-N„)“} TS.mKm,m+x 
. +i{(Mo-l-Mn)lJ-t-(No-|-Nn)('} {(Rm + Rm+i)!! +®»») 

— (l^i,m-x~ ^«i+ 2 ,h)tirm}'K'm,m-|-i 

— 2 (Rm-|-Rjnpi)(/fi,m-i“ 

+2(Rm — Rm4-i)(l 

■r(Ki,m-j “ Km.+i,n)^'^mkm,m+x 
+ -aim{K:m^ + K m^-i x)l^m,m+i} . 

The simplification of the last term will, not yield the 
correct coefficient for (i 7 *-l-j'‘‘) on summing up for 
the component lenses, for Ki^„ is less than SK«, 
by the amount 

S '^ro 
/^m 


and the terms in this sum which involve R^ and 
R?n-fi 

i{V~ ^ 

+(RmH-i — Rm)®^m^i;m'^ni-)-i,n — Rwi+i'ri,?7i+i^'m-f-2,»t] 

= J(7j“ •+• j'*)[(Rm— Rm+ilfl — '^m)Kx'‘,n 

~ Rm(^i,TO-i — Km,n)^ 

— (Rjft'l-i — Rj»)^m('fi,m — Km+i,n)^ 
-l-Rm+i(^'i,7n-(-i~ '^'»n+s,n)°l 

=^( 5 j* -|- j"®)[ra'n>. {^'i*,n— ■ {l^i,m-x~ 

-f2(R 

m + Rm+i)(l -l-m'TO)(^i,m-.i ~ Kra+-2,«) 
~ (R>»~ Rra-t-x)'r7»,mf I 

, tTn,)(Rm-l-Rn»+i)°]/fm,mf]- 

On taking these terms into account, it is fomid that 
Ki,rf='‘j,n +i {(Mo -|-M„)^ -|-(No -|-N«)’“} 

+i {(Mq +M„)?7 -|-(No 

+K'>?’‘+r‘)( 7 -®,,„-l)K/,„, . . (48) 

where, since 

^i*,n “l'32(/f ^7n,n)**^wt, 
yi^i^,n ^ +4(l+2CTni)SOT°'rm“ 

— 8(1 ~i~ ,m~ l(m,n) 

-f (3 -H 2 CTni)(^i,m ~ (49) 

and each k now relates to a separate thin lens. 

When the curvature of every surface in 
the system is increased by the same amount 
^i,n remains constant, and the change 
in /8 has already been considered. The increase 
in is, by (49), 

4S-'Ki’‘,nS(l -l- 2 cTTO)Kn» 

-|- 8 Sxi,n?{(l +2rSm)SmKm‘ 

(1 + tn'nj)(K'i,m ~ ^<'m,n)'<'m} ' 

or 

4(1 -b 2.tzrt,n)S^/fi’',n H" 8 (^K’i®,n ” 2S,n'fTO^)Sxi,n, 

and the meaning of the selection of condition 
(45) for the determination of the standard 
form is that we fire choosing the configuration 
for which 7 is a minimum. Any general 
curvature change from this form alters /3 
according to a linear and 7 according to a 
parabolic law. 

It is easy to discover a meaning for the new 
quantity 7 . Consider a beam of light arising 
from a point on the axis placed to give an 
inverted image of a small transverse object 
equal to the object itself for paraxial rays. 
To the approximation here required the re- 
fracted ray Hes in the direction determined by 
Mg -i-M„=No -)-N„=0. Let A {Fig. 4) be the 
object point, B its paraxial image, and B' the 
point in which a non-paraxial ray meets the 
axis. Let this ray meet the unit surfaces 



OPTICAL CALCULATIONS 


299 


> 


-! 




4.- 



whose vertices are at C, C' in. the points P, P' 
and the spheres through C and C' with centres 



and the corresponding image length between 
+ V, f and {l-G)lK + i{y'^ + z'^)s', 

y', z' being y, it is readily seen that 

i_l= 

9' 9 

~ ^ - cr' + k:( 1 + G + G“)} (i?® + 

- 2«r(l + G)(i7 ?/' + fz') + (/c -a +5')(2/'* 4-z'“)]. 


A and B in Q and Q'. Then Q, P, P', Q' lie 
on spheres of curvatures 

so that 

QP=-|(^/fji,„ + £r)(9j“ + f*), 

P'Q' = -i|-(|K,,n df”)* 

and 

1 I 1 

AP'^P'B“(2//c,,„) + QP^(2//c,,„) + P'Q' 

= 1^1, n ~ l(Ki,n + 0- - <r')Kj^,n{v^ + D 
= Ky.,n-i(l +®i,n)^Ci“,n(l?“ + D by (41); 
or, on comparison with (48), 


Also from (32) and (46) 




with a similar equation for the N’s, and the 
substitution of these values in (48), on replacing 
the K’s by their approximate k values, yields 





) ivy' + fz') 




JB'B/Ci»,„= = |('>7'> + ^)yKi\n, 

showing that 7 is a numerical measure of the 
spherical aberration for the magnification - 1 . 
When 7 is positive the axial intersection 
point. B' is displaced towards the lens from 
the paraxial position B, and the aberration is 
conventionally described as positive or under- 
corrected. 

If 7=0 the aixial aberration is removed for 
this imago point, and K falls as the aperture 
increases. The apparent contradiction between 
this result and that given in § (3), to the 
effect that K should be constant for all rays 
from a given object point, is due to the im- 
possibility with a thin lens system of aohiev- 
ing an aberrationless plane image of a plane 
object. 

Since the variation of the power and the 
shapes of the unit surfaces have been expressed 
in terms of throe quantities — vs, 7 — these 
suffice to determine completely to this order 
of accuracy the properties of the system for all 
object positions. The calculation of any thin 
system therefore resolves itself into the problem 
of securing for these quantities arbitrarily 
assigned values, and it is important to know 
what values must be adopted to attain the 
effects required. A slight generalisation of the 
inves 1 <igation into the meaning of 7 will suffice 
for this purpose. If the object and imago sur- 
faces for magnification .G are considered, and it 
is assumed that these have uniform curvatures 
s and s', the length of the ray between the 
unit surface at 77 , .("and the object at 

(l/G-l)/K-|-i( 2 /'=‘ + *:'‘*)s/G 2 , y'/Q, z'/Q being p 


The relation (38) then gives, as the necessary • 
conditions for an extended object-imago rela- 
tion between the spherical object and image 
the spherical aberration condition, 

7-4,3l±§ + (3+2=,)(^)=0. (60) 

a second condition, which will subsequently 
be identified with the sine condition, 

^_(2 + ^)^=0 . . (61) 

and the curvature relation 

5 — s' — (1 -I-ct)/c = 0. . . (62) 

The discrepancy between (41) and (62) should 
be particularly noted. The explanation is 
evident if it is noted that, whatever G may be, 
(62) holds if 1 ? = and that it is assumed in 
obtaining this relation that the rays involved 
are those which are • incapable of predicting 
what the curvature of the unit surfaces will be. 

If the value of ^ determined by (61) is 
substituted in (60) it is seen that 

7_(6+2®)(i^y=0. . . (63). 

Introduce now the special convention as 
regards /3 and 7 that the addition of the 
suffix Q signifies that the coefficient relates 
to the system in its zero configuration. Then 
if the curvature addition from this form is 

7 = 7 o -1-4(1 -|-2 ct)S*, 

/3=73o -1-2(1 -l-rar)S. 
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If in this form ft and y havo tlio values 
required by (51) and (53) the elimination of 
S gives 

(^)“+2[^(l +2a)(2-t-trr)/3a 

-(I -l-2Tri)/3„a~(l +T7l)»7„=:0, 

showing that bonding tho syatom as a whole 
will in any given ease only yield two object 
positions, other than (iontaot with tho lens, 
for whioh tho satisfaction of tho sine condition 
is consistent with tho removal of spherical 
aberration. 

Those two solutions are both imaginary 
unless 

(I +2zrj)(5 H'2n)/3o’‘ + 7 q 


summation, tho equations for ft. and y. mav 
bo written 

1 , 1 

2/^0^^= • (64) 

7oK^ = "t" ~ 2Q,m(^'i,m ~ l'm,n)Km} 

. (65) 

where tho suffix is to be understood when 
none ia given. It is evident by inspection 
that the equation for ft^, is unaffected by making 
any common addition to all the Q’s, and the 
same becomes obvious for 7 „ by writing the 
last equation in tho form 

ycK" = “I" ~ Qm)* 


is positive, and this condition cannot bo 
satisfied with most combinations of two 
glasses to form a oomontod achromatic doublet. 
Although both those oonditions should bo 
satisliocl in such a system as a lelo 8 co])o 
objootivo, it frequently hai)pon 8 that tho sine 
condition is deliberately ignored booauso tho 
use of other glasses simplifies tho construotion 
from tho manufaoturing standpoint, and tlio 
faults ])roHont are not very otmspiouous when 
tho (ield of view is small. 

§ (9) Tiitd Cemicntioi) Duxtumt. — On ac- 
count of tho groat importanoo of lonsos of the 
oomontod tloublot class it is desirable to 
oonsidor thorn in some detail. 

Tho powers of tho oomponent lonsos are 
determined by tho assigned footvl length or 
power of tho combination and tho colour 
oonditions whioh are to bo satisriod. It is 
therefore assumed that tht«ie powers are 
known. 

Prom equations (43) and (45) it is evident 
that the common curvature adxlitlon required 
to attain the standai’d form is 


1 


(I +2nT)(f ] 


il'Kl + 2t7r»i)Snp<'n, 




whore in the absonoe of a sxiffix is to bo 
understood. It at onoo follows that 

n 

^0(1 -l-2in)/v'’’ ii(ra' ~ Wfl»)(2SH.(^m 

and slnoo tho range of indices of available 
glasses is very restricted the iiivit factor on 
the riglit is normally small, and is a small 
quantity. Tho small range in the possible 
values of n: and ft^ involves the oonolusion 
that tho main problem eonooma tho attain- 
ment of a suitable value for y^, either by tho 
initial selection of suitable variothw of gltiss 
or by an arbitrary division of tho system. If 
Q„, is written for 28y„K,n - 1 - fnr 

(I + 2r!r^n)K„, and for /<•„,/( I - nr, „), and the 
double suffix notation ia used to denote 


H" 2(Q,ii — • 

Now assume for Q,„ tbo form 


■Qn. = PmH-.~P 


+^i,7n 


whore I\, Pg, . . . P„_i are {n-1) unknown 
(luantities and tho double suffix carries its 
general additive meaning. Substituting for 
tho Q’s ,and j’s in terms t)f tho S’s and k’s 
gives 




2(g7] 


, jy-aV -I- S,Hu/Cm.M + 


and 




showing that tho curvatures of tho extreme 
surfaces of tho system as given by tho Q’s are 
equal and opposite, and that r„j is the curva- 
ture difforenoo between tho consecutive 
surfaces belonging to lonsos and Tor 
a oomonted system tho P’s will all bo zero, 
and 7 o rnay bo caloulated from 

7oK* = 

When tho system consists of only two' members 
eonvonient expressions for numerical use are 

--(ttt, ~CTj)/f,/c^’, . . (66) 

which illustrates tho general rule that unlike 
xn and 7 (|, whioh arc unaltered, ft^, changes 
sign wlien the system is reversed, and 

7o/c" =ji'‘Ki -I- 2j/fiK9 -i- hkij^/k (67) 


In an achromatic objective one component 
is positive and one negative, while j, h 
agree in sign. Thxxs only one of tho terms 
gives a positive contribution to 7 ^, which has 
a strong tendency to bo negative. In this 
ro 8 i)oot a doublet is in marked contrast with 
a single lens, whioh nocossaxily has a positive 
7 j,. While this difference enables tho com- 
bination to bo corrected for s])herical aberra- 
tion, it usually prevents the simultaneous 
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correction of spherical aberration and the 
sine condition. From the condition obtained 
'earher it is evident that for the simultaneous 
correction 7 ^ when negative must be numeri- 
cally small. It is seen on considering the 
results for a cemented doublet and a single 
lens that the fault lies in too great a difference 
of refractive index between the two glasses 
employed. 

To obtain a general idea of the kind of 
variation of 7 ^ implied by the above expression, 
assume that the refractive indices of the two 
glasses are given and that the power of the 
cemented combination is unity. Consider 
the change in yg as the power of one component 
falls from a large positive to a large negative 
value, and the other consequently rises from 
a large negative to a large positive value. 
Let component 1 have the lower refractive 
index, that is At the extremes the 

sign of 7 (, is given by the highest power of 
Ki~ and is obtained by writing |(ki- /Cj) 

Ki, and -Mki-Kz) for k^. The result is the 
value 

(ki — Ks^irSi — Trr2)(l + ScTjCTs) 

16 ( 1 -mi)^(l- 0-2)“ ’ 

showing that with powerful lenses of opposite 
signs 7 o tends to assume a positive value when 
the component with the higher index is of the 
same sign as the combination, and a negative 
value when the component mth the same 
sign as the combination has the lower index. 
These extreme values illustrate the general 
tendency of the change in the series, and agree 
with the well-known construction for telescope 
objectives in which the combination and the 
lens of lower refractive index are positive 
or converging, and the system is corrected for 
spherical aberration by bending to an extent 
dependent on the magnitude of the negative 70 - 
It must not be thought, however, that the 
variation in 7 ^ is throughout uniform in 
direction. For taking the series in the 
direction from yg negative to yg positive we 
reach Kg^O, Ki = 1 before «:i = 0 , ^2 = 1 . In 
these cases 70 reduces to the single-lens formula 
7 o=(l - and since 0 <ct <1 and CTi>t 3 ' 2 , 
the value of 7 ^ in the earlier case exceeds 
that in the later. There must therefore exist 
within the range positions where 7 „ becomes 
stationary. In the neighbourhood of K2=0 
equation (57) gives 

showing that stationary points exist outside 
the region in which both components have 
the same sign. The stationary point near 
this region for which 7 ^ is a minimum would 
be of great importance if 7 ^ reached values 
in the neighbourhood of zero, but this is found 
not to be the case. A typical curve exhibiting 


the variation of yg in the region of practical 
interest is shown for trri = |, cTg =|-, corre.spond- 
ing to = 1 -5, /i .2 = 1 ‘6 {Fig. 5). The values of 



yg at the stationary points do not differ much 
from those when one component falls to zero 
power. 

If a number of curves of this kind are con- 
structed, with one of the glasses of fixed index 
while the other is variable, it becomes possible 
to exhibit the variation of 7 ^ for cemented 
doublets, when one independent variable is the 
refractive index that is not fixed, or a con- 
venient function of this index, and the other 
determines the relative magnitude of the 
powers of the two component lenses, by draw- 
ing lines on a chart, in which these variables 
are represented by distances measured in perpen- 
dicular directions, through the points which have 
common values of 7 ^. The contour map in 
which one of the variables is {k^ - k 2 )I{k^ + k^) 
is most- instructive, but for practical use 
in detailed work it is more convenient to 
substitute log ( - kJk^). The two maps are of 
course quite dissimilar, and it is not easy 
with the latter variable to trace the effect 
of a continuous variation of one of the com- 
ponent powers from positive through zero 
to negative values. Its special advantage is 
that it enables an important group of problems 
to be solved rapidly by showing which pairs 
of glasses are suitable for the purpose in hand. 
It is supposed that the colour conditions are 
given in a form' which fixes the ratio of the 
component po-wers in terms of the “ con- 
stringence ” of the glasses, i.e. the coefficient 
V. If, then, two charts are prepared, one 
exhibiting the contour fines for yg, and one 
representing by points the various glasses 
known to be available, both charts having 
the refractive index represented on the same 
scale, and the other variable being in the first 
case log ( - ki/k^), and in the other log vjvg or 
other appropriate representation of the colour 
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condition required, the beet pair of glasses 
can be selected by superposing the two charts 
and moving them in slide-rule fashion over 
one another, provided the upper one is drawn 
on transparent material. The accompanying 
figures show such a pair of charts for finding 



EiQ. 6. 

glasses fully corrected for colour. The fixed 
refractive index is 1-62, but the same charts 
may be used for a considerable range of values 
for this index. It will bo noted that to secure 
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Pm. 7. 

simultaneous correction for colour, spherical 
aberration, and coma in a thin cemented 
objective the precise dense flint selected is 
of little importance, but that in the crowns 
the index of the ordinary silicate glasses is too 


small while that of the dense barium crowns is 
too great. Of intermediate glasses the medium 
barium crowns are suitable, as are also 
the phosphate crowns introduced in 1886 
at Jena, but since withdrawn on account of 
their instability, and also the fluor crowms 
introduced in 1913. 

§ (10) Extension ojt the Cemented 
Doublets. — When suitable glasses are not 
available to meet the conditions that must 
be satisfied, two courses are open, both of 
which have as their object the securing of an 
additional degree of freedom. One of these 
consists in removing the restriction that the 
inner curvatures of the two components are 
to be complementary, so that the lenses may 
be cemented together ; the other retains the 
condition that the inner surfaces are to be 
cemented, and secures the required freedom 
by dividing the total power to be con- 
tributed by one of the two glasses into two 
arbitrary parts, the final lens thus consisting 
of the lens of the other glass cemented 
between two lenses of the glass that has 
been divided. 

Considering first the case in which the 
requirement that there shall bo no air-gap is 
abandoned, the value 70 for 7^ when an air- 
gap P is present is given by 

{70 —y(,)K’‘kikik= { 2 'Pkikt -I- KiXik + kikijy 

-{KiKjc + JcXjy- 

In the cases of jiractical importance k has 
the same sign as at , and ki and differ in 
sign. The introduction of the air-gap thus 
gives a limited opportunity of increasing 7^, 
and offers a tlieoretically unbraited range of 
smaller values of 7^. It is thus obvious that 
when an air-gap may bo introduced any one 
aberration condition can always bo satisfied, 
a result which does not apply to a cemented 
objective of two components, and as a rale 
two conditions can bo complied with. The 
problem reduces in all cases to the solution 
of a quadratic equation, since one condition 
gives a linear and the other a quadratic relation 
between the amounts to which the two com- 
ponents must bo bent, or, what is equivalent, 
between the bending of the complete lens and 
the air-gap curvature. 

When one of the lenses is to bo divided the 
cemented system that is to be determined may 
either be regarded as two achromatic cemented 
lenses cemented together with their like glasses 
in contact,’- or treated directly as a tiiple lens 
without air-gaps. If /cj, k^, k ; j^, j^, j ; ki, 
ki, k have exactly the same values as they bore 
for the doublet lens, the elements for the 
triple lens may bo rejiresentod by Ki{ 1 - 0), 
Ki, KiO ; Ji(l — 0), ji, jiO ; /q(l ~ 0), k^, k^O, 
and the values of the Q’s will bo j 0), 


’ Sec Proc. Phys. Soc. Lend, xxvil. 496. 
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—j^{\-20), The substitution of 

these values in (54) and (55) leads at once to 

^o = /3„(l-20) . . . (58) 

and 7 o-A''= ( 7o — A')(l — 26>)% . (59) 

where 

A'/c“ = (/c/cj, +jh)ji 

• ( 60 ) 

and the coefficients with a bar above relate 
to the triide lens, while those without refer 
to the cemented doublet. It will be noted 
that the last three terms in the first expression 
for A' have been found in evaluating 70. 
The meaning of A' becomes evident at once 
on putting d = \, which gives 70 = A'. Since 
the lens is then quite symmetrical in con- 
struction, and 7o = 0 is the condition for 
freedom from spherical aberration at magni- 
fication -1, it follows that A'=0 is the 
condition that a parallel beam incident on the 
second component of the doublet with the 
external surface flat should be brought to a 
focus without aberration. 

The corresponding result when' the second 
component of the doublet is divided to form 
two external lenses may be written down by 
analogy. If the three components are K^d, 
Xi, - d) equation (68) is unaltered, and in 
(69) A' must bo replaced by A where 

Aa:“= (/f/i-2 +jh)ji +ji‘Ki 
=j‘K - W8)(i 

and represents the spherical aberration for an 
object at infinity when the light is incident on 
the cemented doublet 1, 2 with the first 
surface plane. 

It is evident that a triple lens may have 
any value of 7g on the same side of A' or A, 
as the case may be, as the 7^ of the cemented 
doublet. As a rule it will be possible to 
satisfy two conditions, and four solutions will 
in general be found for any given problem, 
two of which have external lenses of one glass, 
and two of the other. 

These results may readily be generalised to 
yield simple equations for the solution of any 
problem with two given glasses when the lens 
is to consist of any number of thin com- 
ponents cemented together, the two glasses 
occurring alternately.^ In aU cases a solution 
may be obtained by solving a quadratic 
equation. 

§ (11) A Telescope Objective free from 
Spherical Aberratiok and Coma. — As 
examples of the application of the foregoing 
expressions let it be required to find the 
curvatures for lenses free from spherical 

‘ See Proc. Phya. Soc. Land. xxx. 31. 


aberration, and where possible from coma also, 
for an object at infinity, with 

gi — 1*6, ^ 2 ” 1*0, K2~ ”2. 

Then 

ii=9, j^- -’ 3 ", h=7, * 2 = 

For a cemented doublet 

w=3 X I — 2 xf = f, 

^0 = f X V' ^ X 3 X 2 = JpJ, 

7o = 243-ajs.-44-fi|7= -27^5, 

illustrating the small value of and the 
tendency to negative values of 7^. In the 
standard form the curvatures of the end 
surfaces are 

± ^{j -k)- 

or ±1-^1!, 

or and - -g respectively. Tho equation 
for S, the curvature addition required to give 
freedom from spherical aberration, is 

-2m + 108“ - U - 148 H- 3 + f = 0, 
which has the two solutions 

o 7 , 8\/41 
® '10 ““ '30 

The first solution corresponds to the well- 
Icnown form in wliich the curvature of the 
last surface is small. 'When the lens is 
reversed so that tho parallel beam of light falls 
on the second component, tho signs of tho 
third and fourth terms must bo changed. 
The solutions for this case are thoi’efore 


S = 


7 2n/690 

10 ■- 30 


The extent to which the sine condition is not 
satisfied is measured by tho value of the loft 
side of (61). In tho four cases just con- 
sidered these values are, with lens 1 leading, 

1 ± 14 ^41 
15 


and with lens 2 leading, 

20-J:7.v/6^ 

30 

all large errors with the signs differing in the 
two members of each pair. 

Consider next the removal of this aberration 
by the introduction of an air-gap between the 
two components. The conditions to be satisfied 
are 

7 = 6 -f 2 ct 

and /3=±(2 + w), 

the sign depending upon whether the first or 
the second component is met by the parallel 
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beam of light. Instead of making use of 
special formulae for this case it is simpler to 
solve from (43) and (49) for SjKi and 
The first cimdition gives 

28(S./c. - V’)’ - 18(S.^-a - -VO* +182,P2P(, = 0, 
and the second 


40Si/Ci — 2GSa/Ca — 1= ±11, 

and the solutions are, with lens 1 loading, 


S./c.-5-841\ 
8-524 / 


and 


- 1-361 \ 
Ss/fa= -2-541 /’ 


and with lens 2 loading, 


S./c, = 4-232) 
Sa/ca = 0-89(5 / 


and 


- 2-952 \ 
Sa/v-a= - 4-157 /■ 


Finally, cemented objeotivos built up of three 
lenses may bo oonsidorod. From either of the 
formulae given the values 


A- 


43 

18’ 




101 

9 


may bo found. I’ho equation from which S 
has been eliminated may bo used to find 1-20 
directly. The general equation with the first 
lcn.s divided is 


|(7„ - A')(l ± CT)» ±/i/(l ±2 ot)} (I ~2dy 

- 2 (l± 2 CT)( 2 ±w)^^ft(l- 26 )) 


±A'(H-Trr)«-([^)«-0, 


and the curvature to he added to the standard 
form is 


2(f-rCT)P^ tr~u' 


•^„(l--2fl)}. 


the curvature of the end face of the standard 
form being of oourso 


:l:|(y-.) + (l-20)(j\h~jM/2L 

Applying those expressions to tho solution of 
the present ease, tho values found are, with tho 
fli‘st lens divided, 

l-2dr^-5117. 


with oxtromo curvatures, 

1-741 and - 0-925, 


and 1 - 2(1 ™ - -5646, 

with extreme curvatures, 

2-528 and - 0-138. 

With tho second lens divided tho solutions 
are imaginary. 

Any other problem in tho calculation of thin 
objeotivos is solved by a method exactly 
comparable to that illustrated. For the 
discussion of the equations to bo used in other 
problems referonoo must bo made to other 
sources. 


Tho problem undertaken is not theoretically 
complete. Any actual lens will not be “ thin,” 
but what may be termed a “ close ” lens, the 
separations between the surfaces being such 
as to give the required aperture -with a suitable 
additional substance to enable the glass worker 
to secure surfaces of good figure. The curva- 
tures obtained from the solution in which 
thicknesses have been neglected require 
therefore to bo modified in consequence of the 
departure from correction duo to tho intro- 
duction of thicknesses. Consideration has 
also to be given to the character of tho correc- 
tion which it is possible to achieve, on which 
the mathematical conditions that should be 
obeyed must depend. In general it is found 
that tho first order aberration must not be 
entirely removed, as the errors of higher 
orders tend to produce over-correction. The 
typo of correction exhibited by a well-designed 
objective thus shows small positive aberration, 
which rises to a maximum and falls to zero 
for i-ays which enter near the margin of tho 
aperture, and tho procedure adopted must 
secure the satisfaction of this condition. It 
is found on investigation that for relative 
apertures such as are normally employed 
this condition is satisfied by making no altera- 
tion in tho curvatures of the surfaces, mth the 
exception of tho small change in a shallow 
surface necessary for the attainment of good 
colour oorrootion. Owing to this fortunate 
ooinoidonco tho calculation of telescope 
objectives by tho algebraic method desoiibed 
is much to bo preferred to the more laborious 
trigonometrioai methods. 

§ (12) Systems with more than Two 
OnASsns. — A problem which arises much less 
frequently than any of those already discussed 
relates to tho calculation of systems in which 
more than two different glasses are used. 
When there is one lens of each of n glasses 
they can ho arranged in nl orders affording 
Jn 1 cases to be investigated if a complete 
examination is to be made into the properties 
of the various systems. In accordance with 
what has been said of thin cemented systems 
in general, tho most important problem is the 
determination of tho values that 7,, may take, 
and particularly the effect on this quantity 
of variations in tho order. It is not difficult 
to show that when there are three separate 
glasses the oxtromo values of yg are obtained 
by putting a lens of extreme index in the 
middle, whether the value is tho highest or 
tho lowest depending upon whether an odd 
or an oven number of components differ in 
sign from tho complete lens. When there 
are four components extreme values usually 
result by i)lacing all tho positive lenses to- 
gether in the order of their indices, and all 
tho negative lenses together also in order. 
Such complex systems usually arise from 
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attempts to reduce second order chromatic 
aberrations.^ 

§ (13) Systems in which Chromatic Aber- 
ration IS NOT Important. — Systems are 
occasionally required for use in circumstances 
where chromatic differences may be neglected, 
and it is thus possible to construct them using 
only one kind of glass. Lenses so constructed 
afford good examples of one or two principles 
of importance, and they are of practical 
interest since they may be made to have 
very small outstanding aberrations for even 
exceptionally large relative apertures. 

When a single lens is employed to form an 
image of an object placed so that the paraxial 
magnification is G, the spherical aberration 
vanishes when 

1 1 -i-G 

+ (3+2:,)(L^)’ = 0, 

and when this cannot be made to vanish the 
left side may be put in the form 

1 1 / l-l-G \° 

(1— ot)® lH-2zrr\l— G/ 

which attains its minimum value when 
l-|-trr 1-l-G 


of the same glass in contact. For such a 
combination (43) gives 

^/:“=2(H-ct)5;S™/.V, 

and (49) 

7K”= +4(1 +2-ls)'S,Sm^Km^ 

8(1 + w)SS7n^?n‘'(^i^m 

+ (3 + ~ 


BO that the spherical aberration at magnifica- 
tion G is measured by 


ir_j 

«i(i- 


nj)"»^'''"‘'‘^l+2'.Tr' 


:|(1 -t-2ra)Sm^-7i 


— (1 -|-t3r)(/f,,, 

_ K® — S/:ro° 

^(r+lCT) 


, 1+G\v 

~ Xm,n + j r Km 

ic’‘ /i-t-Gy~| 

(i-i-2w)Vi-g; j- 


Assuming that the powers of all the component 
lenses have the same sign as k, the mirumum 
value of this expression is 


1 rf 2+-ays,Km’‘ , o/i +G yi 

3(l+2trr)L\l-W U-G/ J 


and the first coefficient being large compared 
with the other terms, removal of the aberra- 
tion ■ will be best effected by making 2/r„,® 
as small as possible compared with k, that is, 
by making the power of every component 
equal. If the number of elements is given, 
say n, th,e aberration is removable for all 
values of w below that wliich satisfies 


It is usually said that at this position the lens 
acts like a prism at minimum deviation, the 
air or glass angles between the ray and the 
two normals being equal. This is incorrect ; 
for to the order of accuracy here required the 
ratio of the sine of the angle at the first surface 
to that at the second is 

2S-(l-t-G)/(l-G) + l/(l-OT) 
2S-(l+G)/(l-G)-l/(l-w)’ 

and when S has the value for which the 
spherical aberration is a minimum this ratio 
becomes 

2a4 + 1-3G 
3-G(2m+1)’ 

which shows that the supposed law is only cor- 
rect in the special case G= - 1, for which the 
system is symmetrical. Since (1 •H-2cr)/(l - cr)® 
exceeds unity for all positive values of u 
less than 4, there is always positive spheri- 
cal aberration for all values of (1 + G)/(1-G) 
between the limits ± 1 , that is, for all real 
images of real objects. It is possible, however, 
to eliminate this aberration by substituting 
for the single lens a number of thin lenses 

^ Trans, Opt. Soc. xxii. Ill, 



The smallest number of components for 
correction is evidently obtained for distant 
objects, and the greatest number is necessary 
when the object and imago are equal in size. 
If G=0 is taken as a convenient reference case, 
twice as many components will be required 
for the same value of w when G = - 1 and 
approximately 1-4 times the number when it is 
about -'i\. For G=0 the lowest refractive 
index that may be employed is evidently 

2n -1- 1 

special values being ix>\ for tc = 2, ^*>1- for 
n = 3, ^>-§- for ■n. = 4, and /r> ig>'forn=6. For 
the limiting index all the S’s are positive and 
increasing from the first member of Ihe series 
to the last, the system assuming the form of a 
series of meniscus lenses in contact on the axis 
with air gaps between them towards their 
edges, the curvature differences of the air 
gaps being equal. 

It will usually be necessary for a lens of this 
kind to satisfy the sine condition in addition 
to being free from spherical aberration. 


YOIi. IV 
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Substituting in the expression for /3 tho 
value of which results in minimum 

spherical aberration, it is found that 


/3 = 2 


(1 f i+g 

l+'2w 'l-G 


or 


p-(2 + ru) 


1+Q 

f-U 


ur 

1 -h 2?rr 


I+G 

1-G 


0 , 


and tho sine condition is ‘only fulfilled when 
tho object and imago aro equal. Evidently 
this must bo mot by an inoreaso in tho 
minimum rofractivo index for a given number 
of components. Let bo given tho value 

1+cr, \ I 1 -bG 

+ '''2(r+tir)^l-G' 


whore is a variable whoso value is at present 
undetermined. Tho sine condition is satisfied 

iWtnATm ~ 0, 

and the spherical aberration oooffioiont becomes 

1 1 (i+oy 

3(i+2nT)\Ai--rarj K‘ / u+^)Ai-Gy 

+4(1 +2„)i— + _ - jrrgi— . 


and tho lowest value of tho index will bo 
obtained by making all tho w’s zero and all 
tho powers equal. Tho equation, from which 
tho limit is to bo found is 

1 /2 + ct\» , 3(l+2®)/l+G\» ^ 

"" (i+w)>' \r=w 

which gives when G = 0 and 71 = 4 tho approxi- 
mate solution ro = *648 or ^ = 1-643. 

If the lens determined by this approximate 
solution has thioknosses inserted without 
change in tho curvatures, the spherical 
aberration will bo very slightly over-correobod, 
and tho departure from tho sine condition 
appreciably over-oorrootod. Tho latter is 
remedied by increasing all tho curvatures by 
a common value, making tho lonsos more 
dooidodly meniscus, but in so doing tho 
spherical aberration will bo over-oorrootod. 
This is remedied by a further inoroase in 
rofractivo index, solving for tho minimum 
spherioal aberration and suitable undor- 
oorroction of tho sine condition. For a relative 
aperture of about //I a suitable refractive 
index is approximately 1-6. Tho zonal 
variations in tho spherioal aberration and in 
tho sine ratio for even so large an aperture 
as this will bo found extremely small. 

§ (14) Moee Complex Systems. — It is not 
possible in the space available for this article 
to enter on a disouaaion of tho way in which 
tho principles applied above in considering 
thin objeofivoa may ho extended so as to 
cover systems of. complex construction for 
largo apertures such as miorosoopo objootivos, 


or photographic lenses where large apertures 
are required to be combined with a large field 
of view. It must suffice to say that, by the 
aid of theorems which assume a very neat 
form, it is possible to determine the conditions 
which each lens should satisfy on the assump- 
tion that it may be regarded as a thin lens 
finitely separated from its neiglibours, and 
that a definite treatment applied to. this 
simplified lens will yield tho corroefc data for 
tho real lens. Tho importance of this procedure 
lies in its automatic evasion of attempts at 
the theoretically impossible, to which pursuit 
the designer without some such guide is very 
apt to devote a groat part of his time. Indeed 
little experience of lens calculationa is required 
to force home tho conviction that almost 
every attractive scheme for tho removal of 
aberrations involves direct conflict with 
Format’s principle. Before concluding, it is, 
however, desirable to mention briefly a few 
general results which have many applications. 

It was shown in equations (16) that the 
resolved equations governing the passage 
of light through the system are of tho form 

+77mKm~0> 

TJm+i ~ Vm “ 0. 

Lot another sot of such quantities bo dis- 
tinguished by tho introduction of accents. 
Then, whatever moaning these quantities may 
boar, the value of 

m“/^ m-il^ m~i "I" 

m m”/* 

-1- {Vm+i ~ Vm ~ n' m^m) 

is identically zero. In other words, 
^VmV'mfJ^'m ~ Kn») 

* w-i 

-1- S ~ r 

i 

“ ~ VnH' n~V “t 7/i/A oM o> 

or 

^VmV'mi^^'m ~Nrn) 

' n ^ ^ 

-t- 2/AmTVr,n^ tn^ m(7' mW Tn'~'^m^m) 

0 

““2/rtE w “*2/ "tT/oE olH oi (61) 

whore y^, y\, y\ are arbitrary points in the 
external media on the two rays, distant rg, 
T„, r'a, t'„ from the points in which the first 
and last surfaces aro encountered. 

Those expressions give at once tho conditions 
that paraxial rays relating to light of different 
colours should form images free from colour. 
Special results of importance are obtained 
by considering tho case in which both rays 
are initially parallel to the axis, so that 
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Mo=M'(, = 0 and y,, and y'^ are made to 
vanish by selecting as the final end points 
the intersections of the ray with the axis. As 
thei rays are paraxial — and since 

it may be assumed that the difference of 
index is small enough for the rays never to 
become appreciably separated if they are 
initially coincident, the second expression 
gives 

"i" ^ 4- ™ 0, 

• 1 1 

where the last medium is non-dispersive and of 
unit index. It is permissible to divide through- 
out by and write for the ij’s and M’s their 
values in terms of the direct paraxial ray, "with 
the result that 


gives the change in the position of the 
second principal focus as the colour changes. 
The corresponding expression for the first 
principal focus may be written down by 
analogy. To find the variation of the power, 
assume M„=M'„ = 0. The right side of (61) 
is then y„ 2 /'„(K' - K). Dividing throughout 
by y^y'n and neglecting differences between the 
colours in the coefficients leads to 


5k = 


1 S'fjn 


'dlCjn 


5Km ~ 


n-i 


§ (15) CnnoMATia Abbubation. — ^W hen the 
system is a thin lens the equations reduce to 
the single condition 

S5/fw=0 

1 

for freedom front all chromatic aberrations 
for paraxial rays, as would be inferred from 
the fact that when k is known the paraxial 
rays are all determined. For a discussion of 
the properties of glass as regards variation of 
index for colour, reference should be made to 
the article on “ Optical Glass.” For present 
purposes it will suffice to mention that the 
principal characteristic of any glass is given 
by a coefficient v which gives the difference of 
power for the C and F lines of hydrogen in 
terms of that for the D sodium lines in the 
form 

'fn 

and the rays for the C and F Mnes will thus be 
refracted alike if 



V 


When this condition is satisfied the outstanding 
chromatic aberrations are those generally 
considered most satisfactory for images to be 
examined visually. For photographic use it 


is usual to secure agreement between the D 
and G' lines. 

The condition for a thin doublet lens is 
automatically satisfied by gi^ang xj and Xg 
the values 


K 



When three glasses are employed it is generally' 
expected to remove the second order differ- 
ences of colour, and the solution of the problem 
is easy when once suitable glasses have been 
chosen. The properties of all glasses hitherto 
manufactured approximate very closely to a 
law which results in the lens having zero power 
when the appropriate conditions are satisfied. 
It is easy to see that a higher degree of correc- 
tion is attained if the glasses vary in such a 
way that when the changes of index between 
two pairs of reference spectrum lines are chosen 
as variables, the points representing the 
glasses when these are plotted in perpendicular 
directions are coUinear. For manufactured 
glasses, however, these partial ratios are 
practically linear functions of the k’s with the 
consequence stated above. A way out of the 
difficulty is afforded by the use of transparent 
crystalline materials, of which fluorite is much 
the most important. This substance exhibits 
no double refraction, and its representative 
point on the chart lies almost on the straight 
line about which normal glasses group them- 
selves, wliile the linear relation between the 
dispersions and the v values does not hold 
when fluoiite is one medium and glasses are 
selected for the other two. By means of such 
a chart all suitable combinations of glasses 
may bo obtained in a few minutes, and when 
the remaining conditions are specified the 
field of choice can quickly be reduced to one 
or two alternative combinatiqns.^ 

§ (16) Aberration Foemttlae. — Equation 
(61) interpreted in the broadest way forms a 
sufficient basis for the construction of formulae 
for aberrations to any required order of 
accuracy. Such formulae may be arranged on 
many plans, but, though they have what many 
workers will regard as peculiar disadvantages, 
there is much to be said in favour of a de- 
velopment which remains entirely symmetrical 
in the variables for the initial and final media. 
An illustration of a symmetrical development 
wiU be afforded in the brief consideration given 
later to the application of Hamilton’s method 
to optical problems. The preceding dis- 
cussion of the properties of thin lenses also 
is symmetrical in character, and the three 
quantities in terms of which the aberrations 
have been expressed are capable of immediate 
application to the system, used in the reversed 
* Trans. Opt. Soc. xxil. 99. 
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direction with as much ease as in the original 
direction. This is a comparatively minor 
matter when only first order aberrations are 
under discussion, but it becomes extremely 
important when liigher order effects are 
under consideration in order to secure the 
greatest economy of labour. 

In a number of problems in which (61) 
might be employed it is advantageous to return 
to first principles. As an example, the formula 
giving the positions of the primary or tangen- 
tial focal lines may be taken. Suppose a ray 
is refracted at the origin on a sphere which 
has its centre of curvature on the x axis, and 
assume that the ray lies in the plane z = 0. 
Consider the length of the path from a point 
on the surface near the origin to the poinb 
p cos 0, p sin 0, 0. The point on the surface 
is approamately + f 8,nd the dis- 

tance between the two points is 


A simple application of this law of import- 
ance relates to rays passing near the axial 
point of a thin system of lenses. There are no 
changes in the angles of incidence between 
the two surfaces bounding any medium, since 
all are met where they are normal to the axis, 
and the equations for the individual surfaces 
are thus directly additive, giving, since 

= N„=N„, 

1 1 K 

Pn Po 1 — i{(Mo -|-Mn)“ -h (No +N„)®}’ 

SO that the change is equivalent to replacing 
the CT in the expression for K, when f = 0 
by 2 -+• CT. It at once follows that the relation 
between the curvatures of primary conjugate 
surfaces corresponding to (52) for the secondary 
surfaces is _ 

5 — s' — (3 -1 -?u)k=0. . . (63) 


p -1) sin <5!) 


7]^/coa^ (p 


— R cos (p] 


p Q — R cos -1- . 


and thus the ray through 17, ^ from 

p cos 0, p sin 0, 0 to p' cos 0', p' sin 0', 0 ex- 
ceeds in optical path the ray through the 
origin by 

— sin 0' — /t sin 0) 


' 2 \ 


cos” 0' At eo3“ 0 


•K 




In the ordinary instrument there is no uniform 
change of path from point to point of the 
surface, so // sin 0' = At sin 0, the ordinary 
law of refraction, is satisfied, which gives 
merely the direction in which the wavelets will 
reinforce one another. The following terms 
indicate the distances in these directions in 
which special concentrations will be found 
corresponding to the foci of geometrical optics. 
The meaning is obviously that considerable 
latitude may be given to f without producing 
any appreciable change of path in the positions 
given by the law hitherto considered exclu- 
sively, and similar latitude to tj at positions 
given by the new law 


p.'cO3°0' p,COS°0 _j^ 


(62) 


Since the former law may he derived by 
considering a single ray alone without refer- 
ence to neighbouring rays, it is evident that 
(62) represents the differential of that law, 
and it vrill be expected that relations derived 
from (62) will exhibit this form when com- 
pared with those obtained from the earlier 
law. 


The interpretation of the two results may be 
expressed in a variety of ways ; one of the 
simplest, which holds for systems in general 
and not solely for thin systems, is that the 
paraxial region of any image surface is most 
simply referred to a surface whose curvature 
is less than that of the object surface by tsk, 
and that the relative distances of primary and 
secondary foci from this surface are in the 
ratio 3 to 1. 

It may readily be seen that the defect known 
as coma, which is a manifestation of failure 
to satisfy the sine condition, shows a similar 
ratio of 3 to 1 for errors in and normal to the 
plane containing the principal ray. Careful 
consideration will show that simple laws 
which may at first appear to relate to the 
larger errors in fact must be interpreted in 
relation to the smaller, and the corresponding 
laws for the former will assume differential 
forms. The results already quoted will be- 
come evident in the discussion of Hamilton’s 
method. 

§ (17) A System of Thin- Lenses. — It has 
been assumed in discussing the properties of 
thin lenses that reference to the unit surfaces 
pro-vides a convenient means of distinguishing 
one ray from another. When a succession of 
separated lenses have to be considered, or a 
stop at a distance from the lens limits the 
aperture so that rays from different parts of 
the object meet the lens at different parts 
of its aperture, it is necessary to adopt a 
different reference system. The results ahready 
established on change of variables give aber- 
ration coefficients ^5^, id^, J{35g -t- ct(S - G)^}, 
^{ 53 -!-ct(S- G) 2}, Idi, iSg for spherical aber- 
ration, coma, primary curvature, secondary 
curvature, distortion, and stop aberration 
respectively, where S is the magnifica- 
tion for the stop in the entire system, G 
1 the magnification for the image, and the 
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quantities ... are defined by the 

equations 

45.(1 - G)-<‘ = 7-4/33 + (3 + 2OT)§^ 

45o(l -G)-“(l -S)-> = 7-;8(3§ + S) 

+ (1 +'ct)@“ + (2 +rLr)§S» 

45,(1 -G)-‘(l-S)-= = 7 -2/3(3 + S) 

+ 2(1 + tn')3S + SS 

45,(1 -G)7>(1-S)-» = 7-/3(3+3S) 

+ CT3S + (3+trr)S®, 

455(l-S)-‘ = 7-4(8S + (3+2ra-)SS 

, ^1+G _1+S 

^here § = 130’ ^ = F:s- 

The fact that the three middle expressions do 
not transform into one another by the inter- 
change of G and S is of great importance, since 
it involves very severe restrictions on what 
may be achieved by systems built up from 
thin lenses. This property may be regarded 
as a direct consequence of Fermat’s principle. 

The expressions that have been obtained for 
/3 and y show that the 5’s for a complex system 
are consistent with the additive laws 

(/Sr)i,n= ®m+i,n, 

where / is the focal length of the part deter- 
mined by the suffix outside the bracket, and 
^m+un, denote the magnifications of 

the image and stop in the portions of the 
system following lens m ; that is to say, they 
are the continued jiroducts of the subsequent 
magnifications at individual lens or surfaces. 
These additive laws hold generally, and may 
be established from first principles without a 
knowledge of the expressions from which the 
aberrations are to be numerically computed. 
As an example, spherical aberration may be 
taken. The section of the caustic resulting 
from the presence of this aberration must for 
the lowest order be of the form of a semi- 
cubical parabola 

= y'*/5, 

where 5 is a numerical coefficient measuring 
the amount of the aberration, and / is the focal 
length introduced in order that the coefficient 
5 may be of zero dimensions. If now a system 
is divided into two parts 1 and 2, in each 
of wliich aberration of this type is present, the 
coefficient for the complete lens will depend 
upon the coefficients for the two separate 
portions, since it must vanish if both of these 
are zero. If the first part is without aberra- 
tion the linear coefficient /5 for the whole wiU 
obviously be identical with that for the second 
portion alone. If, on the other hand, the 
second part is free from aberration the final 
image will be the imago of the caustic formed 


after the light has traversed the first part, 
and this imago will be formed according to 
paraxial laws. Thus if Gj is the transverse 
Unear magnification for the second part of 
the system yi^Qi^yx, X 2 = G 2 ^Xx, and 




a:2®_ (Ga^a:,)® 
y^~ (Go2/.)T 


Go 






Since the errors considered are first order 
effects, the law of addition is linear, and by 
combining the two cases the general law must 
be 

(A).,2=(/50,G2‘+(/5,)a, 

and by repeated application the result already 
given is established for r = l. It will bo noted 
that when the system is divided by surfaces 
instead of by lenses, so that the refractive 
index is not necessarily unity at the points 
of division, the factors require modification. 

§ (18) Hamilton’s Method. — Brief con- 
sideration must now be given to the very 
elegant method of investigating problems 
in reflection and refraction described by Sir 
W. R. Hamilton before the Royal Irish 
Academy in a series of papers covering the 
years 1824 to 1832. Essentially the principle 
is the use of a potential function of certain 
variables the partial derivatives of which 
determine all remaining unknowns in terms of 
these variables. Theoretically the method is 
extremely powerful and its appUcation in ’other 
fields has proved of extraordinary importance. 
It is thus particularly noteworthy that in its 
appUcabion in the field for which it was 
primarily designed it should be generally 
considered to have failed to justify expecta- 
tions. One reason doubtless Ues in the nature 
of the subject itself, which requires all problems 
to be investigated with a minuteness not called 
for or appreciable in other fields. Another 
contributory cause is perhaps that Hamilton 
himself, Hke most mathematicians, was more 
interested in the broad problems to which his 
discovery was appUcable, and in deriving 
general results to which it led with great ease, 
than in the tedious task of constructing 
expressions which gave a numerical measure 
of the effects so readily investigated qualita- 
tively, and that this task has proved a formid- 
able one in less able hands. Whatever the true 
cause may be, the result remains that no 
notable use was made of the method in the 
first fifty years after its publication. Perhaps 
the best testimony to this failure is that it 
was largely forgotten that it was to ■ these 
optical problems that potential methods were 
first applied, with the result that Bruns in 
Germany believed that he was breaking entirely 
new ground in so applying Hamiltonian tools, 
and published a very extensive and heavy 
investigation which, for the most part, con. 
stituted a duplication of Hamilton’s original 
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•work. To the potential function which he used 
for the greater pact of his investigations 
Hamilton appUed the name “ Characteristic 
Function ” ; but use was also made of another 
function, with different variables and alhed 
properties, which was designated the “ Allied 
Characteristic Function.” Bruns, with char- 
acteristic thoroughness, investigated aU the 
functions which could be utilised for the 
purpose, and proposed for them the generic 
title of “ Eikonal.” It is convenient to retain 
Hamilton’s name in the sense in which he 
used it, and to restrict “ Eikonal ” to a parti- 
cular function which, like the characteristic 
function, is symmetrical in its variables, and 
takes for these variables the direction cosines 
of a ray instead of the co-ordinates of a point. 
In both cases the function has the dimensions 
of a length, and in the case of the characteristic 
function represents the length of the optical 
path between the points whose co-ordinates 
are. taken as variables, and in the eikonal 
the length of the optical path between the feet 
of perpendiculars to the ray from two selected 
points in the object and image spaces respect- 
ively. Instead of introducing the full number 
of variables, since all that is required is the 
identification of the initial and final portions 
of a single ray, one of them in each space 
may be absent, and intersections with :^ed 
planes will be derived. 

Assuming that the system is symmetrical 
about an axis, it is convenient in the case 
of the characteristic function to adopt y, z 
and y', z' as variables, the axis of symmetry 
coinciding with the axes of x and x\ If then 
V is the optical length of the path between 
fixed planes expressed as a function of the 
points in which the ray intersects these planes, 
tjie direction cosines of the ray before and 
after traversing the system are given by 





9?/” 


/iN=- 


9z’ 




02 '' 


Similarly with the eikonal E, if the optical 
path is expressed as a function of M, N, M', N', 
the reference points being on the axis, the 
co-ordinates of the points in which the ray 
meets the planes normal to the axis through 
these reference points are determined from 


dE 9E 

2'~0(/x]Vr)’ ''~0 (mN)’ 

, 0E , BE 

3(m'N0' 


Since the system is symmetrical about an axis, 
V will be a function of j/ ^ -I- z^, yy' + zz', y'^-\-z'^ 
only, and E a function of -i-NS MM' -)-NN', 
M'=*-l-N'2 only. Put (1 )=aW + N2), 
(2) = -t NN'), (3) = + W% Then 


E is a function of (1), (2), (3), and these may 
be transformed into other variables as found 
convenient for discussing particular problems. 
Suppose that it is desired to consider the 
conations for freedom from aberration for 
magnification G, the reference points being the 
axial points of the object and image planes. 
Let there be a stop for which the magnification 
is S. Introduce the variables I, II, III de- 
fined by 

I (S-G)»=(l)-2G(2)-i-G*(3) I 

II (S-G)»=(l)-(G + S)(2) + GS(3)l, (64) 
III (S-G)“=(1)-2S(2)-|-S=(3) J 

so that 

(1) = SH-2GSII-l-GHII ] 

(2) = SI-(G-i-S)II-|-GIII . (65) 

(3) = I-2II+III J 

then, denoting differentiation by a suffix, 

2/(S - G)» = (/xM - G/x'M') (2Ej -t- Eji) 

-t" (/xM — S/x'M')(Ejj -h 2Ejjj), 
2/'(S - G)» = (/xM - Gm'M') (2GEi -H SE^) 

-l-(MM-S/x'M')(GEii + 2SEin), (66) 

so that 

{y' - Gy){S - G) = {yM. - G/a'M')En 

4-2(^-S/x'M')E„i, 

and similarly 

{z' - Gz)(S - G) = (/xN - GM'N')En 

-l-2(MN-S/x'N')Ein. 

Now if the image of the plane object falls 
on the plane and is free from aberration, 
y' — Gy =z' — Gz = 0 for all ray^. Moreover, in 
general M/N 4= M'/N',' since this imphes that the 
rays are restricted to the axial plane containing 
the object and image points. Consequently 
Eli and Em must vanish identically ; that is, 
E must be a function of I only, and all rays 
arising from the same object point must have 
identical values for /xM - G/x'M' and /xN - G^'N'. 
This is a generalised form of the well-known 
sine condition, and reference to (33) shows 
that it involves the result stated earlier, 
that K must have the same value for all 
rays arising from the same point of this 
object plane. 

The sine condition as usually given relates 
only to rays arising from a point on the 
axis. Equation (66) shows that in this case 
g.M-Gyu'M' must be zero — Ej cannot vanish, 
for its constant term is the focal length of the 
system. The result may, therefore, be stated in 
the form that the ratio /jM/y'M.' must be con- 
stant for aU rays through the axial point 
and equal to the linear magnification for par- 
axial rays. 
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The connection between K and E is readily- 
found from (32) and (66), 

1 2G 


K“(S-G) 


-E, , by (64), 


and it is easy to verify that this relation is 
always true. Thus -Eg is the focal length 
for the ray determined by the values given 
to the variables. E^ and Eg serve to fix the 
positions of the principal foci on tliis ray. 
The relations between the two systems enable 
the results of calculation made by one of them 
to be readily stated in terms of the other, and 
in particular they show that phase relationshij) 
at and near the foci may bo directly obtained 
from ray tracing by simple (usually graphical) 
integration. Not-withstanding the simplicity 
of direct calculations of phase differences, 
it will be found that the advantage lies with 
this graphical method. Incidentally it affords 
a convincing demonstration of the very small 
differences in tliq conclusions to which different 
theories lead for the location of the best focus 
in the presence of aberration, and thus justifies 
the recognised practice of usually disregarding 
the wave theory in calculating the details of 
construction of an optical system. 

§ (19) The Cosink Condition. —Investiga- 
tions have been made of the moaning to bo 
attached to definite departures from the sine 
condition, and the problem is of groat import- 
ance in economising in the volume of calcula- 
tions. Some of the conclusions derived are 
invalidated by erroneous assumptions made in 
the course of the work, and it -will not bo 
superfluous to inquire into the problem here. 
It is not necessary to assume that the system 
is symmetrical in any sense, and any reference 
planes may be chosen for the object and 
image spaces. 

Consider three neighbouring rays (a), (b), and (c) 
which have respectively the initial and final direction 
cosines 


(a) L, M, N ; L'-ffil/, M'-PSM.', N'-|-aN': 

(b) L, M, N; L’, M', N': 

(c) L-f-SL, M-l-aM, N-i-aN; L', M', N': 


and which intersect the roterenoo planes in the points 


(а) 0, V, 

( б ) 0 , y-\-S'y, *-|-a« ; 0 , y-t-a*': 

(c) .. .. .. ; 0, y 

Add to E the suffixes a and o when N'-t-SN' 

are to be substituted for M' and N', and M-1-3M, 
N-bSN for M and N respectively. Then 


fidy 


3E _ 9Ea 

■“9M "0M’ 


and expanding Ea by Taylor’s theorem in terms of 
E and its derivates 




0“E 

■0m5m 


,5M' 


3“E 


,SN' 


"glW 

+ higher powers of 5M' and 5N', 


Similarly 
ix5z = 


a*E 

0N0N'^^ ’ 


also 


and 


, 0E 0Eo 


fji'Sz'-- 


d’E „ o^E 
"0M0M'^^'''0N0M'^^‘'' ' • *’ 

B'E 


0M0N' 




Multiply these four c.xpressions by 5M, 3N, 3M', 5N' 
and add. Then 

-H/iSsSN -|-/i'5y'5M'-|-Ai'5«'3N''=0 (07) 


to at least the third order in the small quantities 
3M, 5N, SM", 5N'. This relation contains the goncrul 
result to bo established since the directions of the 
axes arc quite arbitrary, but it may bo clearer to 
express it in a somewhat dilleront form. 

If rays {a) and (c) satisfy a relation of the form 

cos 0 cos 0' + q, . . . (08) 

whore 0 and 0' are angles made with fixed straight 
lines in tlio object and imago spaces roapootivoly 
having direction cosines I, m, n and I', m', n' respect" 
.ivcly, the expression of these two conditions in 
terras of the direction cosines gives 

15L l-mSM -l-nJN -|-p(l'3L' -l-m'SM' -|-m'3N') 

Now a general point on ray (a) is 

pL, y+pM, a-t-pN, 

and if this ray is displaced without rotation through 
a distance d in the direction I, in, n a pohit on the 
diaplaeocl ray is 

pL-l-dl, y+pM+dm, z+p'N + dn, 
and a particular point is 

0, 2/-|-j(L)n-MZ),, z + YjLn-W.), 


and if tliis displaced ray is identical with (t) 

5z^^CLn-m). 

Similarly if ray (c) ooinoidos with {h) when displaced 
through a distanno d' without rotation 

5y'^~^/m'~M.'l'), dz' -Wl'). 

Substitute those values in (07). Then 
/«Z(Z5L-|-m5M-hM5N) 

-I- +w'3N0 

=.^^(L8L-i-M5M-l.N6N) 

+'^'ff(L'dL' -I-N'SN') 

J.J 

-1- third order quantities in SM, 3N, 5M', 5N'. 

It follows that if these quantities are small aU rays 
selooted by obodienco to the condition (08) will, if 
displaced in the object space a small distance d 
parallel to the first dirootion, bo displaced through 
the distance p . pdlp.' parallel to the second direction 
in the imago space. As the condition will in general 
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define an object and an imago canstio, these caustics 
may be displaced without rotation or deformation 
in the given directions, provided the ratio of the dis- 
placements has the required value. 

The cosine condition (68), whichhas been established 
without any assumption relative to the aberrations 
present, includes as particular cases the various 
theorems desoribed previously. If the system is 
symmetrical about an axis, the rays from points at 
the same distance from the axis in a given object 
piano will be refracted similarly, and thus if z=z'=0, 
(Sz'/8z) — (ij'[y). Per such a case equation (33) may 
bo applied, shoTOng that /jMJ/j/W is the magnification 
perpendicular to the plane containing the ray, and 
p.SM/p.'5M' is by (07) ^ the magnification in that plane. 

§ (20) MAGWmOATION FOE DISPLACEMENT 
ALONG THE Axis. — Another caae of import- 
ance relates to the magnification for displace- 
ment along the axis. If the axis itself is 
included as one of the rays of the group to 
be considered, q must have the value 1 -p, 
and the axial magnification is fiplfz', where 
jp = (1 - cos 0)1(1 - cos O') = (sin \djs,in 16')^, 
and for paraxial rays this becomes (/j,'G/fi)^, 
whore G is the transverse magnification. If, 
therefore, no change is to be made in the 
spherical aberration for a small axial displace- 
ment the condition to be satisfied is 

M sin (0/2) 
fi' sin (e'/2) 

It has been found that when there is freedom 
from aberrations at magnification G, E is 
an arbitrary function of I. This evidently 
implies that there is one degree of freedom 
remaining in the way in which the aberrations 
of every order are corrected, and, this freedom 
may be interpreted in terms of the spherical 
aberration in the image of the stop. If these 
aberrations are assigned in ad.dition to the 
position of the stop the properties of the 
entire system are fully determined. The most 
important case is when S = 1 and the stop is 
free from spherical aberration. In this case 

Ek= — 

for if the reference planes are moved to the 
stop planes E becomes E', whore 

E'x= 

vr 

n/i^T) - (1 - g) s/rqs), 

and when M=M', N=N' this gives 
'E'=y=y'—z~z'—0 

for all rays. It will bo observed that there 
are here three points on the axis for winch 
spherical aberration of all orders is removed 

^ It should bo particularly noted tliat for use in 
the ordinary notation tho third and fourth terms of 

S must have their signs changed, because tho 
jrentiais of the direction cosines belong to one 
ray for the object space and the other ray for the 
image space. 


— one for magnification G and two coincident 
points for magnification unity. The equation 
for freedom from spherical aberration of any 
order is necessarily of oven order in tho 
magnification, so there is at least one other 
point where the aberration of any assigned 
order disappears. In general there is no other 
position for which the aberration vanishes for 
all orders. The first order aberration, for 
example, vanishes for the magnification 

1- 2G 

2- G’ 


and the corresponding value for Ex is 


(1 -G)° 

(:} 


\/rui+ 


1--G» , 

(1-2G)G'^ 

l-G’ 

■^2-G 


\/l-(3). 


from which it readily follows that spherical 
aberration of higher orders is present. 

§ (21) Standard Eoems foe Aberration 
Expansions. — Tho fact that entire freedom 
from aberrations for magnification G requires 
E to be a function of I only shows that all 
terms which have (MN'-M'N) as a factor 
must vanish. This enables a number of con- 
ditions to be written down without reference 
to the magnifioation, and these conditions will 
be found to restrict severely the types of 
system that can satisfy the conditions. The 
condition for tho first order aberrations, for 
instance, is ct = 0, and tills condition has been 
associated with the name of Potzval. The 
difficulty of satisfying this and other conditions 
simultaneously is illustrated by the general 
experience that in even the most highly 
corrected systems a compromise is necessary 
in consequence of which this condition is 
usually far from satisfied. The example 
given of a case in which E is expressed in a 
finite form suggests that in systems which are 
well corrected there should be no question 
about the convergoncy of E or of its derivates 
when expanded in a series of ascending powers 
of (1), (2), and (3). It follows that the evalua- 
tion of the coefficients of the terms in such an 
expansion should in such a system give a 
reliable measure of the outstanding aberra- 
tions. Tho converse, however, may in some 
instances not hold ; it is quite conceivable that 
a system which has small values for the co- 
efficients of the terms of low orders may not 
be satisfactory through the corresponding 
expansion for a part of the system being 
divergent. It is therefore important that 
systems of novel construction calculated by 
means of the expression for these coefficients 
should be checked in a way which does not 
assume the validity of such an expansion. 
Such a cheek is furnished by tracing selected 
rays through tho system and comparing tho 
results with those found from the earlier work. 


OPTICAL CALCULATIONS 


313 


It is oonvoniont to have a standard form for such 
expansions, and it is highly advantageous to keep 
it symmetrical in form. For this reason, instead of 
choosing as the reference planes a pair of object and 
image planes, the planes normal to the axis through 
the principal foci arc selected. Apart from an 
additive constant, which is of no interest, E then 
takes the standard expanded form 

E/f = - (2) - ^[A'(l)»- 4B'(1)(2) +4C(2)» 

+2(C + ctK 1)(3) - 4B(2){3) +A(3)»] 
— terms of higher orders. 

Evidently if the light is reversed in direction, to 
secure similar results it is only necessary to inter- 
change A and A', B and B'. From their definitions 
C and CT will be symmetrical with respect to the two 
directions. Assuming that the external media arc 
of unit index, the value of E when the reference 
points are in the pla nes fo r mag nificati on G is found 
by adding - (1/G) \/l - ( 1) - G ^1 - (3). Expanding 
and substituting from (06) gives 

E/c - j[5inp - 45,11 III 

-t-45JP-|-2{5„+m(S-G)‘'}ini 

-45,1 n-b [5 ,- jp] . . . , 

where 


5i = A - G(4B -h 1 ) -1- 2G=(3C -h m) - G“(4B' -|- 1) -1-G*A', 

5a=A-G(3B-|-l)-hG»(3G-hm')-(PB' 

- S {B - G(3C-|-m) -|-G»(3B' -|- 1)- G’A'}, 

5a = A- G(2B + 1) -l-G«0 - 2S {B - G(20 -I- w) +G»B'} 
-|-S“{G-G(2IV-1-1)-1-G'‘A'}, 

5, = A - G(B -h 1) - S {3B - G(3C -h ct)} 

+ S “ { 30 + w - 3GB'} - •{ B' + 1 - G A'} 

5, = A- S(4B -1-1) -f 2S'*(.30-hm) - S»(4B' -I- 1) -f S*A'. 


Alternatively, substitution from (04) gives 

go-O. S^G” 

A = G - Ci=‘^g_^,)a + ^®(s3u)i> 

, KS,, 5ayS-G)« 
(S-a)‘ • 

Tl , SCl(g-hG ) 

^{S-G)""* (S-G)> 

(5,-5.,5a-5 a,5„-5, ,S,-5.'gS-G)° 


(S-G)< 


„ ^S“-G „ SG 

C^-Gt?;; ,+2CT' 


+ 


(S-G)“ (S-G)» 

( 5, - 25a + 5a, 5a - 25„ -I- 5„ 5a - 25, -h 5a ^"8 - 0}> 
TS - G)* 

S“-G,_S-|-G 

(S-G)»'''®'(S-G)“ 

(5, - 35a H-35„ - 5.,. 5, - 35, +35, - 5. J S - G) 
(S-G)* 

1_ S»-G 1 5,-45a-l-05„-454-i-5a 

“G (S-d)’»'''®(S-G)“‘'‘ (S-G)* 


and tlio same method readily exprcsKi« the aberra- 
tions when S and G arc given in terms of the aberra- 
tions for other values S' and G'. 

Comparison of 5, and 5s shows that the meaning 
of the latter with relation to the stop corresponds 
to the meaning of the former for the object. Differ- 
entiation shows that 

M - GM' if y'K, N - GN' ^-z'k 

in accordance with what has been found in (32). The 
firat term gives the well-known paraxial laws, and 
the remaining terms correspond to aberrations. 
Writing yj' and f' for points in the final stop image, 
which will bo given by 

M - SM' N - SN' = ^'ic, 

the imago defects are given approximately by 

- 5a m'Wy' + f '»') +y'{'n'’‘ + f'^)} 

+ 5, 1')?'!/" - 1 - 3 '“) ■\-2i/[rj'ij' + ^'z')} 

+ CT(S - ayv'iy'^ -l - 5,,y'(/ « - 1- a' »)]. 

with a corresponding expression for z'-Uz, 
Assuming that a point in the abject plane 3 = 0 is 
under consideration, z' may be replaced by zero 
on the right, giving 

-f-{35a-|-uT(S~G)«}^?'/«-54/»], 

-l-{5„-|-m(S-G)«}r2/'‘], 

from wliioh the charaoter of the various aberrations 
is readily seen. All are familiar with the exoeption 
of that involving 5,, the coma aberration, which is 
generally regarded as a rather mysterious oEoot. 
The displacements are directly proportional to the 
distance of tlio imago point from the axis and to the 
square of the distance from the axis at which the 
aperture is travoraod. The introduction of polar 
co-ordinatos at the stoj) shows the character of the 
defect more readily, the y and z displaocmonts being 
then proportional to 

?/(’?'“ -I- 008 25), and y' ( 17 '“ sin 25 

respectively. A detailed discussion of this aberra- 
tion will be found in the toxt-boolcs on advanced 
geometrical optics. 

§ (22) AbbEEATION CoioroiOlBNTS found by 
THJ! Hamii/ionian Miotiiod. — T ho comparison 
of the curvature terms with those found earlier 
shows that tho oharaotoristio relations for 
thin lenses in air are 

A - 2B -I- C= 1, B - 20 -H B'=: m, C - 2B' + A'= 1, 

and further comparison with the terms in 5j 
and 5a gives for this case 

)3s=B'^ — B, y = 40 -l■2^i^ -|- 1. 

Tho Hamiltonian methods are sufficient in 
themselves for the determination of tho aborra- 
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define an object and an imago caustic, these caustics 
may be displaced without rotation or deformation 
in the given directions, provided the ratio of the dis- 
placements has the required value. 

The cosine condition (68), whichhas been established 
without any assumption relative to the aberrations 
present, includes as particular cases the various 
theorems deaoribed previously. If the system is 
symmetrical about an axis, the rays from points at 
the same distance from the axis in a given object 
plane will be refracted similarly, and thus if z=z'=0, 
(Sz'ldz) — (i/'/y). Tor such a case equation (33) may 
be applied, showing that /uM/jn'M' is the magnification 
perpendicular to the plane containing the ray, and 
jj,SM//j.'SM' is by (67) ^ the magnification in that plane. 

§ (20) Magnification fob DisPiACEMFiNT 
ALONG THE Axis. — Another case of import- 
ance relates to the magnification for displace- 
ment along the axis. If the axis itself is 
included as one of the rays of the group to 
be considered, ^ must have the value 1 -p, 
and the axial magnification is where 

_23 = (l -cos 0)/(l - COB d') = (3in |S/sin 
and for paraxial rays this becomes 
where G is the transverse magnification. If, 
therefore, no change is to be made in the 
spherical aberration for a small axial displace- 
ment the condition to be satisfied is 

M sin (d /2) _ 

/r'sin {0% 

It has been found that when there is freedom 
from aberrations at magnification G, E is 
an arbitrary function of I. This evidently 
implies that there is one degree of freedom 
remaining in the way in which the aberrations 
of every order are corrected, and this freedom 
may be interpreted in terms of the spherical 
aberration in the image of the stop. If these 
aberrations are assigned in addition to the 
position of the stop the properties of the 
entire system are fully determined. The most 
important case is when S = 1 and the stop is 
free from spherical aberration. In this case 

for if the reference planes are moved to the 
stop planes E becomes E', where 

Lt 

^/FqT) - (1 - G) n/ThI), 
and when M=M', N=N' this gives 
‘E'=ij = y'=z-z'=0 

for all rays. It will be observed that there 
are here three points on the axis for which 
spherical aberration of all orders is removed 

^ It should bo particularly noted that for use in 
the ordinary notation the third and fourth terms of 

ffl nnl8t have their signs changed, because the 
jrentlals of the direction cosines belong to one 
ray tor the object space and the other ray for the 
image space. 


— one for magnification G and two coincident 
points for magnification unity. The equation 
for freedom from spherical aberration of any 
order is necessarily of even order in tho 
magnification, so there is at least one other 
point where the aberration of any assigned 
order disappears. In general there is no other 
position for which the aberration vanishes for 
all orders. The first order aberration, for 
example, vanishes for the magnification 

1- 2G 

2- G’ 

and the corresponding value for E/c is 


(x 


vr-=i+ 


(1-2G)G 




■f 


1- -G« 

2- G 


n/1-(3), 


from which it readily follows that spherical 
aberration of higher orders is present. 

§ (21) Standard Forms fob Aberration 
Expansions. — The fact that entire freedom 
from aberrations for magnification G requires 
E to be a function of I only shows that all 
terms which have (MN' - M'N) as a factor 
must vanish. This enables a number of con- 
ditions to be written down without reference 
to tho magnification, and these conditions will 
be found to restiict severely the types of 
system that can satisfy tho conditions. The 
condition for the first order aberrations, for 
instance, is ts — 0, and this condition has been 
associated with the name of Petzval. The 
difficulty of satisfying this and other conditions 
simultaneously is illustrated by the general 
experience that in even the most highly 
corrected systems a compromise is necessary 
in consequence of which this condition is 
usually far from satisfied. The example 
given of a case in which E is expressed in a 
finite form suggests that in systems which are 
well corrected there should be no question 
about tho convergoncy of E or of its dorivates 
when expanded in a series of ascending powers 
of (1), (2), and (3). It follows that tho evalua- 
tion of tho coefficients of the terms in such an 
expansion should in such a system give a 
reliable measure of the outstanding aberra- 
tions. Tho converse, however, may in some 
instances not hold ; it is quite conceivable that 
a system which has small values for the co- 
efficients of the terms of low orders may not 
be satisfactory through the corresponding 
expansion for a part of the system being 
divergent. It is therefore important that 
systems of novel construction calculated by 
means of tho expression for these coefficients 
should be chocked in a way which does not 
assume the validity of such an expansion. 
Such a check is furnished by tracing selected 
rays through the system and comparing the 
results with those found from tho earlier work. 
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It is convenient to have a standard form for such 
expansions, and it is highly advantageous to keep 
it symmetrical in form. For this reason, instead of 
choosing as the reference plano.s a pair of object and 
imago planes, the planes normal to the axis through 
the principal foci arc selected. Apart from an 
additive constant, which is of no interest, E tlion 
takes the standard expanded form 

E/c= - (2) - - 4B'(1)(2) +4C(2)» 

+2(0 + CT)( 1 )(3) - 4B{2)(3) + A{3)»] 
— terms of higher orders. 

Evidently if the light is reversed in direction, to 
secure similar results it is only necessary to inter- 
change A and A', B and B'. From their definitions 
0 and will bo symmetrical with respect to the two 
directions. Assuming that the external media are 
of unit index, the value of E when the reference 
points are in the pla nes fo r mag nificati on G is found 
by adding - (l/G) \/l-(l)-OVl - (3). Expanding 
and substituting from (06) gives 

Ex - 1[5 JIU - 4S,n III 

+453rP+2{5a +txr(S- G)”}! Ill 

-46jn + {6.-^^ -«^^ }l.] .... 

where 


= A - G(4B + 1) +2G“(3C + - G»(4B' + 1) +G‘A', 

53=.A-G(3B + l)+G»(30+m')~(i»B' 

- S {B - G(3G + m) +G“(3B' + 1) - G'A'}, 

5 , =. A - G(2B + 1) +G«0- 2S {B - 0(20 + m) +G»B'} 
+S«{0-0(2B' + 1)+G»A'}, 

5^ =A - G(B + 1) - S {3B - G(3C + rrr)} 

+S» {30 +Tir - 3GB'}- - 8“ -{B' + 1 - GA'} 

$5 =A- S(4B + 1) +2S«(30 + m) - S»(4B' + 1) +S‘A'. 


Alternatively, substitution from (04) gives 
A=G-G''t?; — —+2rrr 


(8-0)“ (S-0)» 

55^8- G)« 
(S-G)‘ ■ 




B=-G>-^^ + ur^±?^ 
(S-G)»^ (S-U)» 


(5,-5, , 5,-S,,d,-d,'S8-Q)’‘ 

(S-0)‘ 


S» - G 8G 

C=.-G:^— ^+2cr- 


-t- 


(S-G)» ' (S-G)® 

(5,-2S, + d„ S,- 2d, + 5^. ga-2a, + 5»yS-G)» 
(S-Gy* 


p, S’-G S+G 
(S-G)»’''®(S-Q)» 

(5, -3d,+3S, ~5,, S,~35,-l-3S,- d, gR-G) 
(S-G)‘ 

^,_1_S»-G,_ 1 5, -45a +05,- 45^+55 

“g (S- G)» +®(S - G)» + (SUG)^ » 


and tlio same method readily expresses the aberra- 
tions when S and G arc given in terms of the aberra- 
tions for other values 8' and G'. 

Comparison of 5, and 5, shows that the meaning 
of the latter with relation to the stop corresponds 
to the meaning of the former for the object. Eiflor- 
ontiation shows that 

M - GM' .ry y'x, N - GN' ^7 z'/c 

in accordance with what has boon found in (32). The 
first term gives the well-known paraxial laws, and 
the remaining terms correspond to aberrations. 
Writing tj' and for points in the final stop image, 
which will bo given by 

M-SM'=i7'x, N-SN' = f'/c, 

the imago defects are given approximately by 

- 5, {2v'(vy +y'(^''‘+r“)} 

dga +»'”) +2t/'(yY+l:'z')} 
+m(S-a)>y'(i/o +s'») - 5,y'(y'“ a'«)], 

with a corresponding expression for z' - Gz. 
Assuming that a point in the object piano 2»»»0 is 
under consideration, z' may bo replaced by zero 
on the right, givmg 

Gy „ _ „ 5^(377'“ -l-r*) 

+ (35, + CT (S - G) “} Tj'i/'o - 5<i/'»], 

+ {5,-| o(S-0)“}r2/'"], 

from which the character of the various aberrations 
is readily aeon. All are familiar with the exception 
of that involving 5,, the coma aberration, which is 
generally regarded os a rather mysterious alToot. 
The displacements are directly proportional to the 
distance of the imago point from the axis and to the 
square of tlio distance from tho axis at which the 
aperture is traversed. Tho introduction of polar 
co-ordinates at tho stoj) shows tho character of tho 
defect more readily, tlio y and z dispiacoraonts being 
then proportional to 

}/'(v'‘‘+r'‘)(2-l- cos 20), and 2/'(7?'" +{■'“) sin 20 

rospeoblvely. A detailed diaoussion of this aberra- 
tion will be found in tho text-books on advanced 
geometrical optics. 

§ (22) Aberration Coeefioients foond by 
THE Hamiltonian Method. — The comparison, 
of the curvature terms with those found earlier 
shows that tho oharaotoristio relations for 
thin lenses in air are 

A-2B+C=1., B-2C + B'=ct,C-2B' + A'=1, 

and further comparison with, tho terms in Sj 
and Sj gives for this case 

^ = B'-B, 7=40+2ra- + L 

The Hamiltonian methods are sufficient in 
themselves for tho determination of tho ahorra- 
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tion coefficients, by building up those for a 
compound system in terms of the elements. 
If the system is divided at the foot of the 
perpendicular to the ray from an intermediate 
axial point, it follows from the definition of E 
as a length that 

E-Ei — Ea = 0. 


Moreover, if the ray meets the plane through 
this intermediate point in y, z, these are given 
by the eoLuations 


0E. 

0E. 

■0(mM)’ 

a(MN)’ 

0E, 

0E, 

a(/4M)’ 

ro 

11 


and therefore, since E is a function of other 
variables than M and N, which concern the 
intermediate medium alone, 




•Ea): 


■ 0 (/ 4 N) 


j-dE-Ea-Ea) = 0, 


and these give two equations for fiM. and yN 
in terms of the external variables. A similar 
process may, if desired, be applied to the 
external media. The substitution of the 
values for y«,M and given by these equations 
in the equation for E solves the problem. 
The process is tedious rather than difficult, 
and one reason why other methods have been 
more successful in practice at once -becomes 
apparent — the equations present themselves 
in a form requiring reduction, whereas other 
methods give them directly in their lowest 
terms. 

The same process may be applied to the 
characteristic function, and indeed the forms 
of the two expressions are very similar, and 
when one is known the other can be written 
down at once. They each have special 
advantages as well as special disadvantages. 
The eikonal is particularly convenient in 
dealing with problems concerning thin lenses, 
but fails when the system becomes telescopic. 
If the eikonal is regarded as built upon the 
power K, a symmetrical construction which 
remains finite for a telescope may be founded 
upon 0“/:/0Ki0K„, but this breaks down in the 
case of a thin lens. The advantage rests 
with the system that has been followed here, 
as it is never essential to deal with a telescope 
as a unit, but a suitable division of the system 
may always be made in which the two parts 
are of finite focal length and the aberrations 
of which require to bo suitably related. 

A convenient system of equations for the 
calculation of the coefficients of the eikonal is 


A=2fif‘'7t, 

B = -Zgg% 

G='Zg'^h='Lg%\ 


A'=2|7'=fe', 

W^'Zgg'h', 

TIT — '~'2j ■ ' ■ y 


where the summations extend over all surfaces, 
and 


^ dKm 

^1,771-1 

— 

0*.'m,n , 

>^m,n — 



f m 



\ 



1 


3^7n 

\ym°- 



I J 


§ (23) Methob of ohecking the Results. 
— In checking the reliability of the con- 
clusions reached by the approximate methods 
that have been described, it is convenient 
to have the terms representing aberrational 
effects separated from those which are in 
accordance with paraxial laws. As a rule 
it is only necessary to consider rays which lie 
in a plane containing the axis, and these rays 
may be rapidly traced by means of the formulae 

sin = bR, 

y' sin ^' = y sin <p, 

h' — h— (sin 0-sin 9!)^) (sin (/)'H-sin \p) 

sin® \jjo -t- (cos ^ -h cos ^ 4 - cos (p'Y 1’ 

sin 1/''= sin i/'o' — (V — b)Ej 
and on transference to the next surface - 


bm fi — b "i sin '/'m, 

where and are the perpendiculars to the 
ray from the vertex of the surface before and 
after refraction, and sin i/'y' is the approximate 
value of the sine of the inclination after 
refraction given by the paraxial law 

sin 1/// 1= sin i// -I- sin 4>' — sin 

It will be noted that the aberration terms 
are those involving \{ - b, and the terms in 
the numerator of the expression for this 
quantity are the first order aberration terms. 
The magnitude of the denominator in com- 
parison with its paraxial value 8 gives the 
ratio of the terms of higher orders to the first 
order values. Rays traced through by this 
method indicate directly where departures 
from the approximate expressions occur and 
what measures should be taken to secure the 
most satisfactory compromise or, where possible, 
to secure thorough correction. The only 
tables needed are a single-page, four-figure 
sheet giving the cosines from the sines. It 
will be noted that the differences between the 
cosines and unity occur as a small correcting 
factor in the aberrational expression, and the 
four figures give approximately a degree of 
accuracy comparable with that obtainable 
from six- or seven-figure logarithms using the 
ordinary trigonometrical method of ray tracing. 
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A consideration which will appeal strongly 
to the computer who is worlcing continuously 
at ray tracing is the reduced mental demand 
the use of this method involves. It has been 
devised particularly for use where calculating 
machines are available, and it is only under 
these conditions that its special advantage 
will be realised. 


Optical Constants, Table oe, for Typical 
Optical Glasses. See “ Glass,” § (23). 


OPTICAL GLASS 

§ (1) Properties of Optical Glass. — The 
material most generally used for the construc- 
tion of the prismatic and lenticular portions 
of optical instruments is glass. This is 
available in many varieties, all specially 
manufactured for the purpose from the purest 
materials obtainable, and so treated that the 
finished product is as transparent as possible 
for the whole visible spectrum and the con- 
tiguous spectral regions, is homogeneous, free 
from internal strain and from certain other 
defects. In certain types of glass the entire 
removal of some of the minor defects has not 
been found possible. For example, dense 
baryta crowns almost invai’iably contain 
throughout the whole mass of the melting 
a number of bubbles. If these are small 
and not too numerous they are of little conse- 
quence in instruments in which the employ- 
ment of these glasses is of special importance, 
and the glass-maker contrives to out out the 
larger bubbles and any pieces in wliioh the 
bubbles are too numerous before moulding 
the remainder into plates or discs for the use 
of the lens - maker. Again, certain glasses 
which in other respects possess properties of 
great value are very liable to tarnish or even 
to decompose after prolonged exposure to the 
atmosphere, and their use is practically 
confined to combinations in which they can 
be cemented between two lenses of more 
durable glass. A few very dense flint glasses 
begin to absorb light strongly before the violet 
end of the spectrum is reached, and in consider- 
able thicknesses they are practically opaque 
to blue Hght. Their use is consequently 
confined to the construction of very small 
lenses, such as the lenses of microscope 
objectives of high power, where the short 
length of the path of light within the glass 
renders its strong absorption almost innocuous. 

Apart from the presence of objectionable 
qualities such as those just mentioned, 
particular types of glass are selected solely 
for their purely optical properties. The 
optical computer could desire the liberty to 
select arbitrarily the two principal jiroperties 
of the glass he would use, the dispersion 


which controls the chromatic aberration, and 
the refractive index for a selected colour 
which determines the spherical errors of the 
instrument. Until new glasses were manu- 
factured at Jena by Schott u. Gen. the choice 
was limited to glasses of a linear series. If 
is used to denote refractive index, and a 
suffix is added to distinguish the spectral line 
to which it relates, the dispersion is measured 
by the magnitude of v where 




(Ml) - I) 

V 


• ( 1 ) 


The older glasses obey a relation of the form 


Ml, " 


= 1 , 


( 2 ) 


where a and (i are constants having the same 
values for all the glasses. 

Consider now an object glass made up of a 
number of thin lenses in contact, each kind 
of glass satisfying the above relation. Lot 
K bo the difference in the curvatures of a 
typical component, and write k for R (/i-l), 
adding a suffix when fi carries one. From 
equation (1) 


V 


( 3 ) 


showing that the C and P rays will only be 
similarly refracted if 


Kt\ 

2 ^ = 0 , ... ( 4 ) 

which is the usual condition for achromatism 
in a telescope objective. Multiplying both 
sides of (2) by Xj,, 


It is ordinarily essential for the condition (4) 
to be closely satisfied, so that the term in (3 
disappears from (6). The quantity on the 
right is the power of the system, and the 
coefficient of a is the quantity which determines 
the curvature of the field. It follows that 
with such glasses there is no power to vary 
the curvature of the field of a thin objective. 

The realisation of the limitations implied 
by the relation (2), together with another 
property of optical glasses to be mentioned 
presently, induced a number of oxpeiimentors 
to search for glasses outside the region to 
which known types belonged. Among these 
Vernon Harcourt and Stokes may be men- 
tioned. Their investigations achieved only a 
partial success and led to no results of practical 
utility. It turned out that they just missed 
success, largely through the want of such 
technical advice as a glass-maker could afford. 
Abbe, working in conjunction with Schott, 
an experienced glass manufacturer, succeeded 
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ia overcoming the difficulties of maldng several 
novel varieties of glass in about two years. 
The results of their work were of such im- 
portance that the Jena glassworks were 
founded for the manufacture of the new 
glasses. A first list of forty-four types of 
glass was published in 1886, of which nineteen 
represented glasses of novel optical position. 
Other lists have been issued since at various 
dates, and taking all the lists together glasses 
have been listed in the regions indicated in 
Fig. 1, which shoAvs a very different state of 



affairs from the hyperbolic lino which repre- 
sented the glasses obtainable earlier. 

The most important of the new varieties 
have been : 


Phosphate crowns 
Barium phosphate crowns 
Boro-silioato crowns 
Denso barium crowns 
Borate flints 
Baryta light flints 
Telosoopo crowns . 
Tolesoope flints 
Muor crowns .... 


r First introduood 1880 


First introduced 1888 
» „ 1902 

„ „ 1006 

„ „ 1913 


Of these glasses much the moat remarkable 
in their properties wore the phosphate glasses 
and borate flints of the first list. Those have 
all been found to he unstable and have been 
withdrawn. In successive lists it will be 
noted that there has been a general tendency 
to continue to withdraw the more extreme 
glasses, and it may be inferred that stable 
glasses have not yet been made having 
extreme properties in desirable directions. 

§ (21 Ibbationalitv OB' Dispbesion. — ^T he 
production of glasses not constrained by the 
normal relation between refractive index and 
dispersion ia the most notable permanent 


result of the work of the Jena glassworks. 
But though the importance of this achieve- 
ment was not unappreciated, nevertheless it 
was not the prime motive which inspired the 
researches of Harcourt, Stokes, and Abbe. 
Much more attention was given in these 
investigations to the production of glasses 
with a considerable difference of dispersive 
power, but with a similar division of the 
dispersion for various parts of the spectrum. 
If two prisms are made from an ordinary 
crown and an ordinary flint so as to produce 
as closely as possible the same angular dis- 
persion in the neighbourhood of the region of 
the spectrum to which the eye is most sensitive, 
it will be found that the crown prism will 
have the greater dispersion between this 
region and the red end of the spectrum, while 
the flint will produce the greater dispersion 
between this central region and the blue end 
of the spectrum. The consequence of this 
irrationality of dispersion is that a telescope 
objective, instead of bringing light of all 
visible wave-lengths sensibly to the same focus, 
has a minimum focal length for some wave- 
length which may be chosen by the designer, 
and for wave-lengths towards the ends of the 
spectrum the position of focus is so different 
that images in light of these colour? will not 
be seen. Moreover, the longer the focal length 
the greater is the defect, so that it is parti- 
cularly serious in all large refracting telescopes. 
The relatively advanced degree of develop- 
ment of astronomical instruments at an early 
stage in the evolution of optics led to early 
recognition of tliis fault, and thus it naturally 
called for the attention of those who sought 
to improve optical glass. The importance of 
the other direction in which freedom was' 
desired, the removal of the restriction expressed 
by equation (2), was only recognised as of 
considerable importance with the develop- 
ment of photography. 

From equations (1) and (3) it is evident 
that in a system for which C and F have 
a common focus, so that equation (4) is 
satisfied, the focus for some other line, 
say X, will coincide with C and F if all the 
glasses have the same value for 

Mx~^o 

A ready index of the suitability of two glasses 
for producing very perfect colour correction 
will thus be afforded by tabulating those 
ratios whore X is made to agree in turn with 
a number of spectral lines. Such ratios are 
given in the lists issued by glass-makers, the 
usual ratios chosen being 

Fj? ~ Mb Mq' - 

, f — • 

Mr ~ Mo Mr "■ Mo Mr ~ Mo 
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It is not easy, however, from an examination 
of these figures, which must be given to three 
decimal places to be of practical utility, to 
reahse what has actually been achieved. An 
alternative method will therefore be adopted 
which will show the degree of uniformity 
clearly with the aid of the minimum number 
of figures. The method has the further merit 
of leading directly to a number of conclusions 
of considerable importance. 

A rough examination of the figures of the 
glass lists will show that the change of dis- 
tribution of the dispersion runs fairly uni- 
formly with V. We may, therefore, fit a 
formula of the type 

fl — ftjy = — fXQ){(l -t- bu) 

to the glasses as a whole for the various 
spectral intervals, and tabulate the outstand- 
ing corrections which must bo made to the 
calculated dispersions to equal those observed. 
It is preferable to apply tliis method to the 
actual differences of refractive index rather 
than to the calculated ratios, for the former 
are likely to be more accurate and the errors 
of the measurements arc approximately 
constant in index differences. As a basis it 
is important to employ a list which includes 
many varieties of glass, both ordinary and 
new types, and the list should be critically 
examined for any internal evidence of un- 
reliability in the figures. The various Jena 
glass lists, though not entirely free from error, 
will be found the most satisfactory for the 
purpose, and these lists have been utilised in 
preparing the following tables. 

The formula for the refractive index of any 
given wave-length now becomes 

-I- 6(/Xjj - 1) -I- e X 10-®, (6) 

whore a and 6 are functions of the wave- 
length only and e is the divergence from 
normality. When the wave-length for the D 
line is substituted into the formulae for a and 
b they must both vanish. Moreover 6 has 
the same value for the 0 and F lines, and for 
these fines a has values differing by unity. It 
is found that the outstanding values of e arc 
small if the following values are adopted for 
these constants : 


Line. 

Wavo-longtli. 

a. 

b. 

A' 

0-7682 

- -644 

- -00107 

C 

0-0603 

--269 

- -00046 

D 

0-6893 

0 

0 

F 

0-4861 

-731 

- -00046 

G' 

0-4341 

1-404 

- -00223 


It is important to notice the meaning to 
be attached to b in lenses composed of glasses 


having e = 0. By addition for the various 
glasses (6) gives 

S/f=ct(2K-p — S/Cq) - f (1 . (7) 

Thus in a system achromatised for C and F 
the power for any particular wave-length is 
1+b times that for the D lino. Thus b 
measures the so-called secondary spectrum, 
and this is invariable for combinations of 
normal glasses forming a thin lens. It will 
bo seen later that b assumes small positive 
values somewhat on the short wave-length 
side of the D lino, so that the extreme variation 
of the focus is somewhat greater than the 
IJrecoding figures suggest. By simple trans- 
formation the reference position may bo chosen 
at any other part of the sx)octrum in place of 
the D line, and the precise tyi)o of chromatic 
correction may also be chosen arbitrarily, 
without altering the general character of the 
chromatic relations. The equation to the 
secondary spectrum can readily be found 
under any assigned conditions by expressing 
6 as a function of the wave-length. 

§ (3) Refractive Index and Wave- 
LSNQTH. — Most attempts at fitting a formula 
to express the refractive index of glass as a 
function of the wave-length appear to have 
been based upon the study of a few glasses 
for which the indices have been observed for 
a large number of linos. Such a method is 
doubtless satisfactory for the jiarticular glasses 
to which the formula is fitted, but it almost 
invariably hapxions that tlieso formulae fail 
seriously when applied to normal glasses in 
general. The fact that a formula suoli as (0) 
expresses a relation wliicli holds within narrow 
limits for such glasses indicates that a high 
degree of accuracy can bo attained from a 
formula which involves only two distinct 
functions of the wave-length. To determine 
those functions lot the term in (/Xp-1) bo 
eliminated from tho equations, and to obtain 
a good distribution of the observed points lot 
only /x^/, /a^, and enter into tho equation 
so obtained. Tho relation is evidently 

(6q/ — 6jr)(Mo “ Ma') ~ (^C ~ ^A')(Mcy 

+ {(«0 ~ »A')(*G' - ^f) - (%' “ %)(6o “ V)} 

(Mb.-/Io)=0, 

or, numerically, 

178(/Xq — 4- 122(/Xfjf — /Xjf) " 131(g.]Q< — /Xq). 

A shorter very approximate relation is 

Now tho glasses have two quite distinct 
degrees of freedom, but all obey this relation. 
It follows that each function of tho wave- 
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lengths must obey this relation separately. 
The great majority of the functions that may 
be proposed may be ruled out of court at 
once since this relation is not satisfied by them. 

A class of functions which may bo considered on 
account of their simplicity is that where the wave- 
length occurs to some power n. As n is given different 
values, the value assumed by 

178 {( •6503)’^ - ( •7682)«} - 131 {( - ( -eSGS)"} 

-|-122{(-4341)«-(-48Cl)«} 

or 

122( -4341)" - 253( -4801)” -|- 309( •6563)« - 178( -7682)" 

may bo plotted. It is found that the r&nlting curve 
(see Fiq. 2) crosses the zero line for two values of n,^ 
viz. -0-91 and -3-40. The corresponding formula 
for the refractive index is readily seen to be 

X-oi-Xij-oi 

= {•226(/Xj, “ Me) d •0062 (Mp — !)}• -c _.gi -.oi 
X-S.4_X -8.4 

H- |• 774 (M■p — Me) “ •00G2(^p ~ I)} \ -3.4 \ -3.4’ 

and from this the equation to the secondary spectrum 
for any type of correction is deducible without 


with &= 4-0-00008, and when D and G' are united 
as for photographic purposes, h takes the values 

= _ -00253, 6p = + -00071, 

6g=_. 00088, 

=0, 6„,ax. = -I- -00071 at X= -4972^. 

The formula found above shows {Fig. 3) that of 
those hitherto proposed Conrady’s ® second form 

M =Mo ■ 

is that of most general utility when only two functions 
are employed. If the Cauchy form 

IX"IlLq'^cl\ ^ -pbX 
were assumed, the relation 

494(mo - Ma') •b245(/X(j- - /Xp) =300(Mp - Me) 

would bo obeyed ; it may be shown that no glass 
obeys this law, and the formula -will therefore be 



unreliable when applied to the dispersion of glass. 
Other formulae may readily be found which -will 
obey the actual law as accurately as that already 
determined, but in view of the simplicity of this 
result and the present degree of accuracy in refracto- 




2801 1 — 

540 550 


600 

Mj! ~ Fq ' 

Fig. 8. 

F “Fluorite. It=Bocksalt. S“Sylvite. 


difSoulty. When C and E are brought together the metric observations there is little gain to be expected 
minimum focus is found at wave-length X“0-6668 therefrom. 


The solution n«=0 Is, of course, valueless. 


® Monthly Notices, R.A.S. Ixiv. 460. 
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§ (4) Table oe Properties. — In the follow- 
ing tables the glasses, as usual, are arranged, 
in the order of their v values. The type 
number is given first — 0. indicates that the 
ordinary procedure is followed in manufacture, 
S. that the glass is made in special pots on 
a small scale only. As the history of the 
glass is of interest, the date of introduction 
is given, and if the glass has since been 
withdrawn the date of withdrawal also. 

For brevity the lists are denoted by letters, the 
dates being as follows : 


1886 

1888 

1892 


1902 

1906 

1913 


Where two letters appear, the earlier indicates 
the list in which tlio glass is first mentioned, the 
latter the first list from which the glass is omitted. 
In the descriptions of the glasses the following 
contractions are used : 


Ba. Barium 
B. Borate 
BS. Boro-silicate 
Cr. Crown 
d. Denso 

D. Densest 
A. Dispersion 

E. Extra 

F. Fluor 
FI. Flint 

G. Glass 


h. High 
1. Low 

L. Light 

M. Medium 

O. Ordinary 

P. Phosphate 
iS. Silicate 
T. ToloscopO 
UV. Ultra-violot 
Z. Zinc 
















OPTICAL GLASS 


Description. 


! Intrnclueed and ] 
I wltlulrawn. 




o. 21ti l 
O. Ul 
(1. in 
o. tin 
tt. 7ini 
D , 

D . nnra 

it. in:» 

It, i2t«i 
o, nil” 1 1 
u. IM 
U. DH 

ti . nun 

o. ^,n«n 

U, Wtil 
(1. JIWU 
u . T\m 
u, ai7ft 
rv . uaiK 
u, -ttia 
u, at;! 

•s. :tfl ! 
U. fiHTM I 

U. I 

It. :uu( 

U, ■Ui'Ilt 

1 1 . .... I .. 

U. 

It, .'Hint 
(I. H4l! 

U, iHfi 

u , a*»i 
», :u:iii 
It, :tHi 

It. In;^ 

It, .W 
It, »4‘i2 
M , K 

l >. Ml ! 

It. h'n 

u. 

tt. im 
ti, ati.'i 
tt, f»ifl 
t». '.iM 
I », ii'ii 
It, »MJl 
I tt, ";*** 

j o ,, «^41 

II. UU 

u, ftiH 

I aiH 


t r. 1. /t. 

Dot. S. (V. 

X. S. ( 'r. 

It. lla. S. Cr. 

Siula (V. 

Soft S. I'r. 

S. I'r. 

S. Cr. 

It. Un. Cr. 

D. Bn. Cr. 

.Soft .S. Cr. 

H. S. (1. 

It. Bn. Cr. 

It, Bn. Cr. 
lla. h. FI. 

It. Biu Cr. 

Ha. L. FI. 

D. Bn. Cr. 

CV. FI. 

Bn. L. FI. 

It. Bn. H. Cr. 

H. FI. 

D. B«i. Cr. 

< 'r. h. A. 

T. FI. li. v. 

D. Bn. Cr. 

H. FI. 

Ik. L FI. 

It, Ik. Cr. 

Ik. B. FI. 

Ik. L FU 
*r. Ft. 

‘f. FI. 

Cf, h. A. 

,s, (I. 

Ik. L FI. 

n*. Fi. ! 

U. Ft. 

Ik. U FI. 

Ik. L FI. 

1 T. FI. 1. p. 

It.s. M. 

I U. Ik. Cr. h. A. 
I Ik. t.. FI. 

I S, i ii . 

Ik. I.. FI. 

|W. FI. 

K. L FI. 

I ft. U FI. 

118. FI. 

Un. U FI. 

K. U FI. 


A: 

I) 

B 


B 

L ' 


Ti 

A: 

F 

1) 


B 


A 

D 

B 


F 


1 « 

F 


A 

F 

B 

C 



0041 
B082 
5300 
5664 
48-1 5703 

47-3 5398 

47-0 6596 

6670 
6825 
6473 
45-9 1 6763 

6684 

44-3 
43-8 


H. U M. 
ft. U FI. 


+11 

4 " 1 

+ 1 


+ 10 

+ 1 

+ 3 


+ 4 

+ 2 

+ 2 

- 1 

+ 1 


+ 6 


-20 

- 4 

- 1 - 3 

+ 1 

+ 4 


- 9 

- 2 

+ 4 

+ 1 

-17 

- 3 

+ 2 

- 1 

+ 4 

+ 1 

+ 2 

- 1 

+ 3 

+ 1 


-j- 3 4“ 1 


0236 
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0. 318 

0. L. FI. 

S. 10 

(1. It FI. 

0. 118 

0. FI. 

0. 107 

0. FI. 

0. 3200 

I). Ba. FI. 

0. 103 

0. FI. 

0. 38(i3 

0. FI. 

0. 03 

0. FI. 

0. 0131 

0. L. FI. 


Introduced and 
withdrawn. 

V, 

B 

38-3 

A: D 

38-0 

A 

30-9 

A 

30-5 

D 

30 '3 

A 

30-2 

E:F 

35-9 

A 

3S'8 

F : 

3(5-7 

D 

35-7 

B: D 

35-4 

B 

34-8 

A 

33-8 

A 

32-0 

A 

29 -(5 

A 

28-4 

A 

27-6 

A 

26-6 

1): B 

21-7 

A:D 

19-7 



It BliDukl bo noted in oonBidoring tho values ' 
of the t’s that tho dispersions are supposed to | 
bo corroot to ±2 units in tho fifth dooimal 
plaoo. An error of this amount in tho meas- 
ured value of would introduce an 

error of 3 in tho oaloulatod value of /ia'* fi-Tid 
as there might be an error in the measurement 
of - /Aj) of 2, it is possible for an error of 5 
units to appear in the last column without 
any actual deviation in tho glass from normal 
behaviour. Tho figures suggest that errors 
only roach, such a magnitude in one or two 
isolated oases, a chock being obtained by 
oompai'ing tho bohavio\u’ of any glass with 
the normal properties of other glasses of tho 
same typo, and particularly with those of 
neighbouring optical position. If glasses of 
higher index than 1-7 be excepted in addition 
to those that have boon withdrawn on account 
of their instability, there remain very few types 
whoso departure from tho normal distribution 
of tho dispersion exceeds the experimental 
errors of the measurements. It may thus 
bo said tliat, apart from unstable typos, praoti- 
oally no success has boon achieved in tho 
manufaoturo of glass suitable for tho elimina- 
tion of secondary spectrum. For all stable 
glasses the dispersion formula already men- 
tioned is suffloiontly accurate, but for special 
glasses such as borate flints an additional 
terra in tho formula is necessary. 

It is not unimportant to note what values 
are required in tho g’s for two glosses to be 
used for a thin achromatic lens to enable the 
sooondary spectrum to bo eliminated. Let 
the outstanding e’s be divided into two 
portions, the one proportional to the medium 
dispersions of their glasses, tho rest propor- 
tional to tho refracting power but of opposite 


sign in the two glasses. Tlie former ]U)rtion 
may bo neglected, since it simply gives a 
corrected value to a in formula (0). The 
indices may now bo written in the form 

= -I-- +b+c—j,^, 

and thoroforo 

il/c = (1 -\-b + c)— /Cj) 

for an achromatic combination. There will 
bo no socoudary spectrum if b + c = 0 for all 
colours. Since b is negative for tho reference 
linos other than I), tho e’s must bo positive 
for tho crown Ions and negative for the flint. 
Taking lAC as a moan value for both indices, 
the e’s of each lens must depart from tho 
normal to the folhnving extents for the v 
values shown to bring tho foous for the linos 
indicated to tho same position as that for the 
D lino : 


V* 


A' 

e . 

fJ V 


70 

30 

37 

10 

50 

65 

35 

28 

7 

37 

00 

40 

18 

6 

26 

65 

45 

0 

2 

12 


Since there are no crown glasses available 
which are above normal oven as much as is 
indioated in tho last rows of figures, tho 
greater part of tho corrootion will have to 
bo borne by tho low values of tho flint glass. 
Those figures indicate clearly that a v difforenoo 
of approximately 10 was tho extent of tho 
aohiovoraent reached for objectives without 
secondary spectrum oven with unstable glasses. 
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The following table gives the mean values of results obtained by various observers (Landolt-Bbrnstcin Tables, 
made at the Reichsanstalt (Z.f. Inslrumenienkuwle, 1920, xl. 94) ; they are for a temperature of 20“ Ct and refer 
rock salt and sylvite are for a temperature of 18° C, Por particulars with regard to the positions of infra-red 

Table I. — IIberactive Indices 


0=ordinary ray. 


n 

Calcite (CaCOg). 

Fluorite (CaFg). 

■ 

Wave-length. 

0. 

IS. 



Wave-length 



/'M- 



tip.. 


m- 



Al 199-0 


1-57796 

Al 185-4 

1-61006 




Au 200-1 

1-90284 

1-57649 

Al 193-6 

1-60137 




Au 204-5 

1-88242 

1-67081 

Al 199-0 

1-49628 




Au 208-2 

1-86733 

1-56040 

Zn 202-5 

1-49326 




Zn 210-0 

1-86081 


Zn 206-2 

1-49033 




Cd 214-4 

1-84584 

1-55990 

Zn 210-0 

1-48763 



•4^ 

Cd .219-5 

1-83082 

1-55511 

Cd 214-4 

1-48461 



.2 

Cd 226-5 

1-81305 

1-64924 

Cd 219-6 

1-48164 




Cd 231-3 

1-80245 

1-54564 

Cd 226-5 

1-47768 




Ag 244-6 

1-77966 

1-53731 

Cd 231-3 

1-47522 



to 

Cd 257-3 

1-76065 

1-53017 

Ag 244-6 

1-46966 




Cd 274-9 

1-74152 

1-62272 

Cd 257-3 

1-46481 




Sn 303-4 

1-71969 

1-61365 

Cd 274-9 

1-46967 




Zn 330-3 

1-70516 

1-60746 

Sn 303-4 

1-46338 




Cd 36M 

1-69317 

1-60224 

Zn 330-3 

1-44907 







Cd 361-1 

1-44634 




m- 



tip. 


pp. 


/ 

Al 396-2 

1-68330 

1-49777 

Al 396-2 

1-44219 

Hg 404-7 

1-44161 


H 434-1 

1-67551 

1-49428 

H 434-1 

1-43962 

Hg 435-8 

1-43949 


H 486-1 

1-66785 

1-49073 

H 486-1 

1-43707 

Ho 447-2 

1-43887 


Cd 508-6 

1-66527 

1-48969 

Cd 508-6 

1-43620 

Zn 472-2 

1-43764 


Fe 627-0 

1-66341 

1-48871 

Fe 527-0 

1-43667 

H 486-1 

1-43704 


Cd 533-8 

1-66276 

1-48842 

Cd 633-8 

1-43636 

He 601-8 

1-43643 


Pb 560-9 

1-66046 

1-48736 

Hg 646-1 

1-43497 

Cd 508-6 

1-43017 

OQ 

Na 689-3 

1-65837 

1-48641 

Pb 660-9 

1-43467 

Hg 646-1 

1-43496 


H 656-3 

1-65440 

1-48458 

Na 689-3 

1-43386 

Hg 578-0 

1-43410 


Li 670-8 

1-65369 

1-48431 

H 656-3 

1-43251 

Na 689-3 

1-43383 


He 706-6 

1-65207 

1-48363 

Li 670-8 

1-43226 

Zn 636-2 

1 -43284 


K 768-2 

1-64974 

1-48258 

He 706-6 

1-43171 

Cd 043-9 

1-43271 


Rb 795-0 

1-64886 

1-48216 

K 768-2 

1-43094 

H 666-3 

1-43248 





Rb 796-0 

1-43064 

Ho 706-6 

1-43109 


fi. 



p. 


p. 



0-8325 

1-64772 

1-48176 

0-8840 

1-42981 

0-7707 

1-43088 


0-9047 

1-64578 

1-48098 

1-1786 

1-42788 

0-8191 

1-43037 


0-9914 

1-64380 

1-48022 

1-3756 

1-42690 

0-9610 

1-42919 


1-0973 

1-64167 

1-47948 

1-5715 

1-42696 

1-0922 

1-42836 


1-2288 

1-63926 

1-47870 

1-7680 

1-42606 

1-1660 

1-42799 


1-3070 

1-63789 

1-47831 

1-9163 

1-42434 

1-1786 

1 -42787 


1-3958 

1-63637 

1-47789 

2-0626 

1-42358 

1-4416 

1 -42668 


1-4972 

1-63457 

1-47744 

2-3673 

1-42204 

1-6382 

1-42666 


1-6087 

1-63261 


2-6619 

1-42017 

1-7340 ■ 

1-42620 


1-6146 


1-47695 

2-9466 

1-41824 

1-7679 

1 -42604 


1-7487 


1-47638 

3-2413 

1-41611 

2-0343 

1 -42373 

H 

1-7614 

1-62974 

.. 

3-6369 

1-41877 

2-1843 

1-42293 


1-9086 


1-47673 

3-8306 

.1-41119 

2-3121 

1-42222 


1-9457 

1-62602 


4-1262 

1-40864 

2-3672 

1-42] 07 


2-0531 

1-62372 


4-7146 

1-40237 

2-6450 

1-42080 


2*09yii 


1-47492 

5-3036 

1-39628 

2-5764 

1-42008 


2-1719 

1-62099 


6-8932 

1-38717 




2-3243 


1-47392 

6-4826 

1-37817 




•• 



7-6612 

1-35680 







8-8398 

1-33079 



— 




9-4291 

1-31612 


•• 
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4th od., 1912, 909-973). Tho aeoond column of values for fluorite are the results of recent measurements 
to air at 20° C., 700 mm. pressure, and 9 mm. absolute humidity. The other values for fluorite and those for 
absorption bands aiid tho limits of transmission reference should be made to tho Landolt-Biirnstein Tables. 

Off Transpaeent Crystals 

E —extraordinary ray. 


Quartz (SlOj). 

Roclc Salt (NaCl). 

Sylvite (KCl). 

Wavo-leiiKth. 

0 . 

E. 

Fused. 

Wave-length. 


Wave-length. 


MM- 




MM- 


MM- 


A1 18fi-4 

1-07580 

1-08907 

1-67404 

AI 186-4 

1-89.332 

Al 186-4 

1-82704 

A1 193-9 

1 -(5590(5 

1-07343 

1-50003 

Al 193-6 

1-82809 

Au 197 

1-73114 

A1 199-0 

1 -(550 90 

1-0(5390 

1-65201 

Al 199-0 

1-79680 

Al 199-0 

1-72432 

Zu 20G-2 



1-64271 

Au 200-1 

1-79016 

Au 200-1 

1-71804 

Cd 214-4 

1-0304.1 

1-04206 

1-63392 

Au 204-6 

1-76948 

Au 204-6 

1-09811 

Cd 219-5 

1 -(5249(5 

1 -(5.3701 

1-62910 

Au 208-2 

1-76413 

Au 208-2 

1-08302 

Cd 22(5-5 



1-52305 

Cd 214-4 

1-73220 

Cd 214-4 

1-00182 

Cd 231-3 

1-01400 

1-02600 

1-61937 

Cd 219-6 

1-71710 

(Jd 219-6 

1-64739 

Ag 244-0 



1-51000 

Cd 220-6 

1-6990(5 

Cd 224-0 

1-63006 

Cd 257-3 

1-59024 

1 -(507 1.3 

1-60371 

Cd 231-3 

1-08843 

Cd 231-3 

1-02037 

Cd 274-9 

1-58762 

1-69812 

1-49013 

Cd 267-3 

1-64611 

Au 242 -8 

1-00041 

Sn 303-4 



1-48088 

Cd 274-9 

1-02092 

t:d 267-3 

1-681.19 

Zn 330-3 



1-48001 

Cd 298-1 

1-01220 

Cd 274-9 

1-60380 

Cd 340-4 

1-50743 

1-67739 

1-47877 

Cd 340-4 

1-68(520 

Al 308-2 

1-64130 

Cd 301-1 

1-60347 

1-57322 

1-47611 

Cd 301-1 

1-57801 

Cd 340-4 

1-62720 

<• 





•• 

Al 368-7 

1-62109 

MM- 




MM- 


MM- 


Al 394-4 

1-55840 

1-60806 


Cd 441-4 


Al 394-4 

1-61213 

A1 300-2 



1-47064 

H 480-1 

1-65340 

H 434-1 

1-60493 

H 434-1 

1-55397 

1-50340 

1-40088 

Fo 627-0 

1-54916 

H 480-1 


H 480-1 

1-54007 

1-66897 

1-4(5.317 

Hg 646-1 

1-64745 

Cd 608-0 

1-49010 

Cd 508-0 

1-64822 

1-66740 

1-40190 

Pb 600-9 

1-54029 

Hg 640-1 

1 40313 

Fe 527-0 



1-4(5099 

Na 589-3 

1-54432 

I>b 6(50-7 

1-40212 

Cd 533-8 

1-64080 

1-65609 

1-4(5007 

H 060-3 

1-54008 

Na 689-3 

1-49038 

Pb 500-9 



1-46961 

Li 070-8 

1 ■54002 

H 060-3 

1-48721 

Na 589-3 

1-54424 

1-563.34 

1-46840 

Ho 700-6 

1-538(5.3 

Li (570-8 

1-48003 

H 050-3 

1-54180 

1-56091 

1-45040 

K 708-2 

1-63000 

K 708-2 

1-48374 

Ho 700-5 

1-54060 

1-54940 

1-45610 


• . 



IC 708-2 

■ 1-53004. 

1-54707 

1-46389 



. . 

• . 

Rb 795-0 

1-63861 

1-64742 

1-46340 


■ • 



M. 




M- 


IX. 


0-8007 

1-5.38.34 

1-54726 


0-8840 

1-63401 

0-8840 

1-48132 

0-8(571 

1-5.3712 

1-54698 



1-63246 

0-0822 


0-94(50 

1-53683 

1-64404 


1-178(5 

1-6.3037 

1-1786 

1-47821 

1-0417 

1-5.3442 

1-64317 


mmm 

1-62821 

1-684 

1-4706 

1-1592 

1-53283 

1-54162 



1-52744 

1-7080 

1-47679 

1-3070 

1-53000 

1-53961 


2-3673 

1 •62686 

2-3673 

1-47406 

1-3085 

1-53011 

1-63869 



1-52317 

3-6359 

1-47295 

1-4219 

1-62042 

1-53790 


4-1262 

1-521(54 

4-126 

1-4721 

1-4972 

1-62842 

1-63(592 



1-51898 

6-3039 

■BiHildl 

1-0087 

1-62(587 

1-53629 



1-61365 

0-482 

1-4078 

1-0815 

I -52583 

1-63422 



1-60832 

7-080 

1-4000 

1-7014 

1-62408 

1-53301 



1-60204 

7-061 

1-4046 

1-9457 

1-52184 

1-6.3004 


10-0184 

1-49472 

8-8.398 

1-40070 

2-1719 

1-51709 

1-62609 


12-9660 

1-47172 

10-0184 

1-46002 

2-69 

1-5101 



14-1430 


12-906 

1-44330 

3-03 

1-4987 



16-3223 


14-144 

1-43712 

3-40 

1-4870 



16-9116 

1 •44103 

16-912 

1-42007 

3-80 

1-4740 



17-93 

1-4161 

17-08 

1-41.393 

4-09 

1-4020 



20-57 

1-3737 

20-00 

1-3882 

60 

2-18 



22-3 

1-3406 

22-60 

1-3692 
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and that appreciable reduction with present 
glasses can only be obtained by the use of 
abnormally steep curves. They further in- 
dicate the character of the chromatic focal 
relation to be expected in objectives corrected 
for secondary spectrum. In the outer parts 
of the spectrum there will be a tendency to 
approximate more closely to the normal type. 
Thus there is a general flattening of the focal 
curve, with four points in which the selected 
plane is crossed, not three as is usually stated. 

Table II . — Refractive Indices 


objective that can be made. The alternative 
is to have recourse to lenses of more complex 
structure in which an essential part in the 
correction is played by the separations of the 
components. That correction may be achieved 
in this way is readily seen. For consider a 
system built up of a number of thin achromatic 
lenses of ordinary glasses, separated from one 
another. Each of tliese produces a similar 
secondary spectrum, that is to say they behave 
as lenses all of the same kind of glass with 

OF Specimens of Optical Glass 








Type of Glass. 

















length . 

S. 204. 

0. 1161. 

S. 179. 

0. 451. 

0. 1442. 

0. 4G9. 


S. 183. 



MM- 










270-3 

1-56027 










283-7 

1-55648 








.ta 


288-0 

1-55437 








'§ 


298-0 

1-55005 

1-57093 


1-66397 







308-1 

1-54625 

1-56658 


1-64453 





J-i 


313-3 

1-54444 

1-56307 


1-64024 

1-65264 




P 


326-1 

1-54046 

1-55770 

1-59138 

1-63134 

1-64754 

1-73246 





340-4 

1-63660 

1-55262 

1-58776 

1-62320 

1-64271 

1-71968 

1-85487 




340-6 

1-53509 

1-55068 

1-58632 

1-62008 

1-64077 

1-71485 

1-84731 




361-1 

1-53195 

1-54664 

1-58330 

1-61389 

1-63683 

1-70536 

1-83203 



MM- 

434-1 

1-52092 

1-53312 

1-57273 

1-69366 

1-62320 

1-67661 

1-78800 

1-94493 



467-8 

1-61769 

1-52903 

1-56949 

1-58772 

1-61891 

1-66726 

1-77609 




480-0 

1-51602 

1-52782 

1-56847 

1-.58594 

1-61770 

1-66482 

1-77266 




486-1 

1-61610 

1-52715 

1-56794 

1-58515 

1-61706 

1-66367 

1-77091 

1-91890 



508-6 

1-51447 

1-62526 

1-56643 

1-68247 

1-61604 

1-65979 

1-76639 


.a 


534-9 

1-61287 

1-52327 

1-66476 

1-67973 

1-61292 

1-65601 

1-75996 

1-90262 



589-3 

1-61007 

1-52002 

1-56207 

1-57624 

1-00956 

1-64985 

1-76130 

1-88995 



656-3 

1-60742 

1-61712 

1-66957 

1-57119 

1-60644 

1-64440 

1-74368 

1-87893 



768-2 

1-60420 

1-51368 

1-66651 

1-56669 

1-60277 

1-63820 

1-73630 

1-86702 



M - 

0-8 

1-5044 

1-6131 

1-5555 

1-5669 




1-8660 



1-0 

1-6009 

1-6096 

1-5522 

1-5616 


1-6316 

1-7264 

1-8641 



1-2 

1-4979 

1-5069 

1-6497 

1-5585 


1-6277 

1-7216 

1-8481 

TS 


1-4 

1-4950 

1-5048 

1-6476 

1-6669 


1-6246 

1-7180 

1-8433 



1-6 

1-4919 

1-5024 

1-6462 

1-5636 


1-6217 

1-7161 

1-8396 

3 


1-8 

1-4884 

1-4999 

1-6424 

1-6612 


1-6193 

1-7127 

1-8364 



2-0 

1-4846 

1-4973 

1-6390 

1-6487 


1-6171 


1-8334 



2-2 




1-5463 




1-8310 



2-4 




1-6440 

•• 

1-6131 


1-8286 


The failure of the attempt to manufacture 
stable glasses which will enable the secondary 
spectrum to be eliminated leads to the con- 
clusion that, apart from new discoveries, two 
methods remain open for the construction of 
apochromatic objectives. The one consists 
in the employment of natural crystals of the 
cubic system for at least one component of 
the lens. Fluorite has been generally em- 
ployed, and it is easy to see from the values of 
its dispersion given elsewhere that by its aid 
such objectives can be built. This method 
imposes severe limitations on the size of 


very small dispersion. If now the com- 
ponents are given the separations which would 
enable simple lenses all of the same glass and 
of the right powers to be chromatically 
corrected to the first order, it is evident that 
the condition for the removal of the secondary 
spectrum with the. achromatic lenses is satisfied. 
That systems using only one glass may be 
chromatically corrected is well known, but 
they are of limited utility. A discussion of 
the procedure to be followed in applying 
either of these methods lies outside the scope 
of this article. 







0 ® 

W CO H 

6 ) 



Referejices . — A groat deal of infonnati<jn ia 
to be found in various journals on (iptical 
glass. Much of the work that has been done 
on Jena glasses in particular has been collected 
by Hovostadt, whose book has been translated 
into English by Professor and Miss A. Everett, 
and published iinder the title J ena Glass, and 
reference to tliis book is recommended for 
further information. For recent work, refer- 
ence should be made to the Journal of the, 
Society of Glass TecJinology, both for special 
articles and for information on material 
published else whore. 

Table II. gives tlio rosuHs of a sorioa of moasuro- 
ments on typioal spooimons of optical glass nianu- 
faoturod by Sohotb <& (loii., Jona (II. Th. Simon, 
Ann, d, Phys. u. Ohem., 1894, liii. 655). 

Tho results of nioasuroinonta on the temperature 
oaollioionts of refractive index in the case of trans- 
parent crystals vary coiiHidorably. Tlie values 
obtained by a number of obsorvers at various moan 
toraporaturos are given in Table III, (Landolt- 
Bomstoin Tables, 4tli od., 1912, p. 970). 

Tho “ flow temperature ” given in Table IV. 
is tho minimum tompornturo at whioh tlio glass is 
in a fluid state. It depends on the duration of the 
heating pcocoss and on tho size of tho spooimon. 
Tho following values are for Bpooimena in tho form 
of oubos, tho length of tho side of whioh is 25 mm. 
Tho results rtlor to spooimons of optical glass 
manufooturod by the Hondlinger Optisoho Worko, 
Zolilondorf, near Berlin. In tlio firat column tiio 
flguTos rotor to tho rofraotlvo indices and v values of 
tho glasHos. Thus 510/(134 shows that tho spooimon 
has a rofnvotive index (for sodium D) of 1-5 10 and a 
V value of 03-4 (F. Woidort and (1. Bomdt, Z. f, tech, 
Phi/a., 1020, No. (1). 

Tablh IV 

Mhltino TisMcnnATunicH off Sukcimuns or 
OlTIOAU (tUASH 


Flow 'rwnpuTiitiiro liv ®C3. fov 
tlii'ufi lliiiaa nf Huattng. 


j Iloiir. a Hdurs. 0 Hour*. 


Kron 610/(134 
Kron 510/(140 
PUnt 649/4(11 
Barion 673/576 
Bariot 580/638 
Barion 500/(112 
Barion 009/589 
Flint (113/309 
Barion 014/504 
Barint 020/393 
Flint 04:0/338 


0. 144 
0. 3832 
0. 878 
0 . 211 
O. 722 
0 . 2122 
0. 2071 
0. 118 
0. 2904 
0. 748 
O. 102 


Table V. gives tho tensile and compressive strengths 
of different typos of optical glass (Landolt-,B(lrnstein 
Tables, 4th ocl., 1012, p. 64). For tho results of more 
recent measurements roforonoo sliould bo made to 
(1. Borndt, Fcr/i. d, D. Phys, Ges,, 1917, xix. 314 j 
Z,f, InslnmmlenhiiuU, 1020, xl. 20, 37, 50, 70. For 
tho elastic oonBtan(.H of transparent crystals soo 
Landolt-BOrnstoiii Tables, 4th od., 1912, p, 50. 
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Table V 


Elastic Constants of Specimens of 
Optical Glass 


Type of Glass. 

£3 

s 

'is 3 
|gt 

Ratio of Com- 
pressive Strengtli 
to Tensile Strength. 

Soda alumina borosilicate . 

6-76 

126-4 

18-7 

Densest lead silicate . 

3-28 

00-6 

18-6 

Alumina lead borosilicate . 

5-G6 

105-7 

18-7 

Soda alumina borate . 

4-93 

81-2 

16-5 

Baryta zinc borosilicate 

7-21 

84-0 

11-7 

Dense potash lead silicate . 

6-01 

77-6 

12-9 

Soda zinc silicate . 

7-84 

97-8 

12-5 

Potash alumina phosphate . 

6-46 

71-7 

13-1 

Potash baryta soda silicate 

6-09 

91-6 

16-0 

Soda lead zinc silicate . 

6-42 

99-0 

16-4 

Potash lime silicate 

7-52 

68-3 

9-1 

Baryta alumina phosphate. 

7-42 

76-0 

10-1 

Potash zinc silicate 

8-09 

73-9 

9-1 

Dense lead silicate 

4-97 

67-3 

13-6 

Soda lime zinc sUioate . 

7-46 

112-9 

16-1 


T. S. 

J. S. A. 


Optical Glass, MANUPAOTtnaB op. See 

“ Glass,” § (17). 

Optical Image ; Its Depeots. See “ Optical 

Parts, Tlie Working of,” § (3) (i.). 

OPTICAL PARTS, THE WORKING OP 

§ (1) Introduction. — For the production of 
an optical instrument the collaboration of 
the designer, the computer, and the optical 
worker is essential. Particulars of the function 
of the proposed instrument and the conditions 
to be fulfilled having been determined, the 
designer is able to prepare a general scheme 
of the mechanical and optical arrangement. So 
far as the optical portion is concerned, this 
involves a general knowledge of the limitations 
of computation and the accuracy attainable 
in the practical working of the parts. 

Where possible, the designer avoids the 
introduction of extreme angular apertures 
that might necessitate the use of very special 
t3ipes of glass or increase the computational 
difficulties. But the tendency must always 
be towards the imposition of increasingly 
drastic demands, and frequently for one or 
more details of the optical system the designer 
must finally rely upon the utmost skill of the 
computer. Close collaboration between the 
computor and the workshop is also essential. 
Thus, for example, it may be desirable to use 
particular types of glass that happen to be 
in stock or standard test plates and tools. 


It is the function of the optical worker, with 
whom this article is mostly concerned, to 
form the parts to the specified dimensions, 
to polish the surfaces, to examine the perform- 
ance of the finished w'ork, and when possible, 
to compensate the defects whether of surface 
or substance. 

§ (2) Methods.— As to the methods employed 
in the workshop, much depends upon the 
character of the work. Large astronomical 
objectives for which the demand is extremely 
small are invariably produced singly and 
involve the exercise of very special craftsman- 
ship. 

One renewned manufacturer ^ has stated 
as regards design that object-glasses cannot 
be made on paper. The empirical method 
of producing such parts consists in the 
computation of the objective by moans of 
the simplest formulae with a view principally 
to the elimination of chromatism, and the 
determination of the desired focal length, and 
then in the removal of residual aberrations, 
and more particularly spherical aberration, 
by mechanical local retouching based upon 
optical examinations of the images formed 
by different zones and portions of the 
objective. Prom the point of view of the 
perfection of the objective this empirical 
method appears to bo justified by the excellence 
of the results attained. Other makers of 
large astronomical object - glasses ^ advocate 
the alternative method. By rigid computa- 
tion they determine the curves, thicknesses, 
separations, and apertures of the xiarts, and in 
the workshop they endeavour to attain the 
desired degrees of froedoin from the several 
aberrations by the least jjossiblo dexiarturos 
from the calculated data. Ix)oal retouching, 
however, can hardly be avoided in the produc- 
tion of large optical parts. Peripheral or 
central zones of one or more of the surfaces 
may have to be retouched in order to produce 
an aspherical surface for the comiionsation 
of spherical aberration. Regular oylindrical 
retouching may be necessary for the correction 
of astigmatism. Surface imporfootions, defects 
of homogeneity, defective annealing, constraint 
during working processes, and thermal effoots 
may all involve irregular retouching. 

But the organisation of most optical work- 
shops is arranged principally for the xiroduotion 
of moderately small lenses and j)riBm8, of 
which comparatively large quantities have 
usually to be produced, as, for example, in 
the manufacture of binooulars and cameras. 
For reasons of cost, retouching of such parts 
is not permissible, and indeed rarely necessary, 
if the materials are well solcoted. They must 
he produced within limits specified by the 

‘ H. Grubb. " The Production and ToBtlng of 
Teloscnpe Objectives and Mirrors,” Nature, 1880, 
xxxiv. 85. 

’ S. Czapski, ZeitB.f. Inittk., 1887, vll. 101. 
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designer and computor, and defective elements 
are rejected. Trial and error methods play 
but little part in such an organisation. Each 
step is based upon precise measurements. 

There is air intermediate class of multiple 
work involving parts the size and cost of 
which are such as to make a certain amount 
of retouching necessary, although such re- 
touching must always bo regarded as un- 
desirable. 

At the present time the technique of the 
optician is in advance of that of the glass-maker. 
By macliinory it is possible to produce surfaces 
that may be regarded as optically perfect. 
A prism, such os is used at the ends of a 
rangefinclor, having perfect optical surfaces 
will not necessarily give a well-defined image, 
owing to small imperfections of the glass, 
such as defective annealing or homogeneity, 
/riio larger the |)ieoo the greater is the difficulty 
in obtaining glass that is sufficiently homo- 
geneous to suit the requirements of the 
optician. 

In such work it is customary to form and 
polish the pieces by machine, to teat the 
perfeotion of the definition of the parts, and, if 
necessary, of their individual surfaces. Those 
that fail to pass and that exhibit certain 
typos of imperfect definition may bo saved 
by band retouching, or, in the more regular 
oases, by machine. Of the remaining defective 
pieces, some may require re -annealing. The 
others must bo finally rejected unless they can 
be utilised in instruments of lower power or 
inferior quality. 

I’lioro is another class of work, such, for 
example, os condenser lenses and to some 
extent spectaolo lenses, in which no great 
accuracy either of form or surface is. required, 
and which will not bo furtlior considered. 

It will bo evident from tho above general 
remarks that the production of high-quality 
optical jiarts cannot bo reduced entirely to 
purely mechanical operations. A certain 
amount of hand work is involved, not only 
because of the need for the irregular touching 
of aurfaoes, but also for tho production of 
certain delicate and accurate details for which 
suitable machinery has not yet been elaborated. 

In tho most highly organised workshops 
there may therefore still bo seen in operation 
the. early hand prooossos elaborated by such 
pioneer workers as Huyghens, Hooke, Newton, 
Father Oherubin, Hersohel, and Molyneux. 

§ (3) The Optioal Imaom. (i.) Jls De.fecln . — 
Whotlior for the purpose of final or work-in- 
progress inspection, or for retouching, it is 
necessary to analyse tho definition of the 
image produced by tho optical part or sy.stem 
in question, and to diagnose tho jirobable 
defects with a view to their possible correction. 

It is not sufficient to make tho broad state- 
ment that the definition is bad, because it 


may be possible to compensate the defect 
in the case of large and costly parts without 
much additional expense. Suppose the optical 
part to be examined is a thick parallel plate of 
glass whoso transmission surfaces have been 
optically worked and may be regarded as 
being unquestionably true, and suppose tho 
part is placed in the parallel beam before the 
objective of a telescope which is directed 
upon a collimator or test image comprising 
small holes or lines. If tho glass is perfect, 
its insertion in the path of the light should not 
affect the appearance of the collimator image. 
If, to obtain a sharp image, a readjustment of 
the telescope eyejiiece is necessary, tho parallel 
plate has a focus error. It is equivalent in 
its action to a very weak lens. Examination 
by moans of tho interferometer may reveal 
a regular change of optical density from tho 
centre outwards as represented by the circular 
bands of Fig. 1 (a). Tho defect in question 
may bo due to imperfect annealing, or a regular 
defect of homogeneity. Double refraction 
resulting from imperfect annealing of the 
glass may be tested by inserting a half-wave 
plate and observing tho extent to which the 
bands are displaced as tho half-wave plate is 
rotated. 

If tho defect is duo to internal stresses, the 
glass should be re-annoalod, but if tho substance 
itself is at fault the definition may be corrected 
by making one of tho surfaces spherical. In 
the case of a prism a transmission face would 
bo elioson for the operation in proforonco to a 
roflooting surface, since oblique reflootiem at 
a curved surface necessarily introduces astig- 
matism, which again might require to bo 
Gomponsatod by working one of tho trans- 
mission faces to a suitably oriented oylindrioal 
form. 

If tho image appears sharply defined but 
oval shaped, tho defect is one of astigmatism. 
The interferometer appearance of the glass 
may bo as indicated in Fig. 1 (/;). A oylindrioal 
surface suitably oriented will suffice to 
oomponsato the dofeot, but if it is the glass 
that is strained it should bo re-annoalod. 

Instead of a single clearly defined image a 
complex multiple image may be produced. 
This defect is due to betorogonoity of the 
glass, the structure of which when viewed 
by moans of tho interferometer may appear 
as in Fig. 1 (c). Sucli a structure might result 
from imperfect solution of the constituents, 
the nucleus of a siihore, in a soda lime glass, 
for instance, being quartz, having an ordinary 
refractive index of 1-54-, and the various layers 
being silioates of gradually diminishing re- 
fractive index, approximating to about l-C, 
which is tho index for sodium silicate. Each 
sphere acts as a small aperture lens and 
forms a separate part of the multiple image. 
Local retouching may sometimes suffice for 
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the compensation of these mnitiple image 
defects. 

If the spheres are distorted and merge into 
one another as indicated by the interferometer 
appearance in Fig. 1 {d), the image produced 
•will be indefinite or “ fuzzy.” Retouching in 
such a case is usually impracticable and the 
part must accordingly be finally rejected. 

These several defects may appear singly or 



(a) 



(c) 


Pig. 


apparatus employed, Avhich should involve 
the smallest possible number of optical parts. 

Veins, if not numerous, and if unaccompanied 
by other defects, have no serious effect upon 
the definition. A vein is usually an extremely 
fine thread of glass richer in silicate of alumina 
than the surrounding substance. Each vein 
is equivalent to a long astigmatic lens of 
extremely short focus, and the separate 



(^>) 



in combination and in various degrees. Thus, 
for example, in practice pure astigmatism is 
seldom found in optically parallel plates of 
thick glass. Usually the appearance of the 
image is attributable to lenticular and astig- 
matic defects ■which may be compensated 
by working one surface to a suitable cylindrical 
and the other to a spherical form. 

It should be remembered that in the 
estimation of the various types of definition 
it is , necessary that the inspector should 
know to what extent the errors are attribut- 
able to the defects of his eye, or to the 


image formed by it is usually so diffused as 
to be invisible. But if the test object is a 
fine line, then by a movement of the eye the 
image may be momentarily occulted by the 
passage of the vein in front of it. A number 
of parallel veins may give rise to a rippling 
appearance of the image, and be sufficient 
cause for the rejection of the part. Often, 
however, the veins in glass are an indication 
of defective homogeneity, and in the best 
work the use of such glass should be avoided. 

(ii.) Spherical Aberration . — For the in- 
vestigation of spherical aberration errors 
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Foucault’s ^ original knife - edge method is 
still frequently employed, especially in the 
case of large object-glasses. If the eye of the 
observer is placed close to the focal point of 
the object-glass and receives all the rays 
falling upon it from a star or its equivalent, 
the whole aperture of the object-glass will 
appear illuminated. If then the focus is cut 
transversely by means of a knife edge, which 
should be mounted upon a fine operating 
screw, the whole aperture will become dark 
at the instant the knife edge passes the axis, 
if the objective is ideally perfect. If all the rays 
from the objective do not pass through the 
ideal focus, a number of rays will escape past 
the edge and still reach the eye, and the 
aperture will be partially illuminated, the 
distribution of the light affording an indication 
of the extent and distribution of the aberration. 
In the direct focussing method ® the eye 
receives the focal image, formed by the 
objective, of a natural or artificial star, which 
appears as a system of diffraction rings 
surrounding a central spot of light. By 
examining the image out of focus on the near 
and far sides, the nature of the spherical 
aberration either over the whole surface or 
over zones may be deduced from the change in 
the distribution and character of the rings. 
Irregular defects of the surfaces or of the glass 
may be indicated by distortion of the rings. 
Thus an oval-shaped system would denote 
astigmatism. Chromatic aberrations may also 
be investigated by using homogeneous light 
of various wave-lengths. These two methods, 
and particularly the former, give qualitative 
results rather than quantitative. The latter 
method in the hands of a skilled observer is 
more precise and the appearances may be 
more directly interpreted. 

Special forms of Miohelson’s Interferometer ® 
are now frequently emioloyed for the examina- 
tion of prisms and lenses, and even of complex 
optical systems, although the interpretation 
of the results is then difficult. When a simple 
prism or object-glass is examined in this way 
the surface will appear imiformly illuminated 
if the piece under test causes no relative 
retardation of any portion of a plane wave 
front, assuming, of course, that the optical 
parts of the interferometer itself have been 
accurately compensated. 

A concentric ring appearance would indicate 
curvature of one or more of the surfaces or a 
regular variation of the material. Irregulari- 

' Poucanlt’a method is discussed in the handbook 
On the Adjustment a7id Testing of Telescope Objectives, 
by T. Cooke & Sons, 1896. 

® On the Adjustment and Testing of Telescope 
Ohjertv'es, T. Cooke & Sons, 1896. 

“ F. Twyinan, On the Use of the Interferomdsr for 
Testing Optical Systems, Traill Taylor Lecture, 
Roy. Phot. Soc., 1918 ; Phil. Mag. vol. xxxv., Jan. 
1918 ; “ Correction of Optical Surfaces,” Astro- 

Phys. Journal, xlvii., No. 4, 1918; Michelson, Astro- 
Phys. Journal, June 1918. 


ties of surfaces or substance would be indicated 
hy a distortion of the system of rings. 

The interferometer does not discriminate 
between retardations attributable to the glass 
and to the surfaces, except those due to 
defective annealing, which may be detected 
by observing the shift of the rings as a half- 
wave plate inserted before the eye is rotated. 
It is the resultant retardation that is indicated 
hy the interferometer, and by the use of the 
interferometer alone it is not possible to 
allocate the component defects to the particular 
elements. But in practice it is sufficient to 
compensate the resultant defect hy retouching 
one of the surfaces, and for this purpose a , 
contour of the ring system as seen by the 
observer is painted upon the surface selected 
for the retouching operation. By polishing 
away the high portions and repeating the 
observations a comparatively uniform distribu- 
tion may ultimately be obtained, and the 
definition be thereby greatly improved. Only 
large prisms and objectives can be subjected 
to an expensive process of this kind. For 
the production of aspherical surfaces the 
method is particularly valuable. 

(iii) Chromatic Aberration. — Chromatic 
aberrations may be investigated by the Vogel ^ 
method, provided the aperture is not so small 
that a large shift of the eyepiece is necessary 
to detect a difference of focus. It is also 
necessary that the chromatic effects due to the 
eye and the eyepiece or other parts involved 
should be previously determined. 

In the eyepiece there is mounted, a direct 
vision prism which forms a spectrum of the 
star image formed in the field of view through 
the intermediary of the part to be tested. 
If the correction is perfect, the spectrum, 
when the eyepiece is focussed, will appear 
as a thin line of uniform width, but if there 
is any chromatic aberration of particular 
colours the coiresponding portions of the 
spectrum will be broader than the remaining 
parts. A measurement of the aberrational 
defects may then he obtained by observing the 
shift of the eyepiece necessary to reduce the 
various widths to a minimum amount. This 
method indicates only the general chromatic 
defect. It can hardly discriminate between 
zones, and if the aperture is reduced by 
stopping out the peripheral portions, the 
usefulness of the method is diminished. 

Precise measurements of the various aber- 
rations are obtainable even in the case of 
objectives of small aperture by the Abbe 
Focimeter method.® 

But probably the most complete and precise 
investigation of the spherical and chromatic 
aberrations of any optical part is obtainable 

■* B. C. Vogel, Monatsberichte d. Berl. Ak., 1880. 

' S. Czapski, “ Methocle und Apparate zur Beatim- 
mung von Brennweiten nach Abbe,” Zeitsch. f. 
Instrli., 1892, xil. 185. 
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by the Hartmann method ^ by means of which I 
the final positions of particular rays are located ! 
in a manner comparable with the trigono- 
metrical computation of the paths of rays. 
Symmetrically arranged holes in a diaphragm 
determine the portions of the optical part to 
be traversed by the fine bundles of rays which 
are finaUy received upon photographic plates 
situated at symmetrical positions before and 
after the focal plane. From the spacing of 
the images on the photographic plates in 
comparison with the spacing of the holes in 
the diaphragm the aberrations can be deter- 
mined. Separate observations with light of 
different colours are made for the determina- 
tion of chromatic aberration. The original 
method of examining the optical performance 
of an objective by means of selected rays is ' 
described by Father Cherubin,® who also de- I 
monstrates the effects of defective centring j 
and emphasises the importance of accuracy in j 
this respect. 

From a consideration of the fight intensity 
at a focal point Lord Rayleigh ® has stated 
that “ in general we may say that aberration 
is unimpoitant when it nowhere (or, at any 
rate, over a relatively small area only) exceeds 
a small fraction of the wave-length (X). Thus 
in estimating the intensity at a focal point 
where in the absence of aberrations all the 
secondary waves would have exactly the same 
phase, we see that an aberration nowhere 
exceeding JX can have but little effect,” and 
again, “ An important practical question is 
the amount of error admissible in optical 
surfaces. In the case of a mirror reflecting at 
nearly perpendicular incidence there should be 
no deviation from truth (over an appreciable 
area) of more than ^X. For glass, g, — 1=J 
nearly ; and hence the admissible error in a 
refracting surface of that material is four 
times as great.” This estimated value of 
Lord Rayleigh of the permissible phase differ- 
ence is generally confirmed by practical ex- 
perience. 

§ (4) Test Plates. — ^Test plates are very 
commonly used for the examination of the 
surfaces not only during the progress of the 
work, but also in the final testing, with a view 
to the allocation of any observed defects of 
definition. 

Sir Isaac Newton * has dealt very ex- 
haustively with the colours of thin plates, 
which had previously been observed, but not 
completely described by other workers. 

^ J. Hartmann, “ Obielctivuntexsucliungen,” 
Zeitsch. f. Instrh., 1904, xxiv. ; H. Passbender, Zeitsch. 
f. Imtrk., 1913, xxxiii. 177. 

® Ptre Cberubin, Vision parfaite, ii. 109, also p. 
25; William Molyneux, Dioptrics, 1692, part ii. 
chap. iv. p. 222. 

“ Lord Hayleigh, Scientific Papers, iii. 100, 104; 
also L. Silberstein, “ Light Distribution round the 
Focus of a Lens,” PM. Mag., 1918, xxiv. 35. 

* Sir Isaac Newton, Optic, ks, 1704, book ii. part i. 


Although it is evident from Newton’s de- 
scription that he realised that these colours 
afforded an indication of minute irregularities 
of thickness of the intervening layer, it is not 
so clear that it was his practice to test the 
surface being operated upon in comparison 
with a test plate having a very perfect optically 
flat surface. 

These test plates which are the most valuable 
of the practical optician’s appliances are 
usually made of quartz. But for reasons of 
economy glass test plates which from time to 
time must be compared with the standard 
quartz plates are employed. Quartz has the 
primary advantage of hardness. The frequent 
cleaning of the test surface that is essential 
soon impairs the definition in the case of a 
glass plate, and even in the case of quartz a 
good worker handles the surfaces with the 
greatest care. 

For flat' work the parallel quartz plate, 
having an approximate thickness of about one- 
fifth its diameter, is polished on both sides 
and worked as perfectly flat as possible on 
at least one side. When the test plate surface 
is placed upon the surface to be tested, if the 
latter is the larger and the more rigid, a thin 
layer of air is enclosed between them. Diffused 
white light which is reflected from the two 
surfaces of the air film gives rise to interference 
colours which may be viewed by a suitably 
placed eye. If monochromatic light is used 
numerous fine interference lines are visible, 
indicating minute variations that cannot be 
detected when using white fight. Since the 
temperatures of the work and of the test 
plate -will most probably be unequal, several 
systems of Newton’s rings more or less distinct 
will be visible. As the temperatures equafise 
the rings will broaden, and in the course of 
5 to 30 minutes, or more according to the 
volume of the parts, if the surface is perfect, 
a uniform straw yellow appearance may be 
obtained by skilful manipulation of the plate. 
If the surface is regularly curved concentric 
lings will be seen, and the greater the curvature 
the closer will be the spacing of the rings, 
provided the surfaces are clean and dry and 
the test plate is properly handled. Distorted 
rings or bands indicate irregularity of the 
surface relatively to the test plate. If when 
the test plate is gently pressed eccentrically 
by means of a pointed piece of wood, and not 
the finger, the centre of the rings moves 
towards the point of appfication ; the surface 
under test is convex. It is very important 
that the adjacent surfaces of the work and 
the test plate should not only be thoroughly 
clean and free from the minutest specks of 
dust, but that they should also be free from 
any trace of moisture, the capillary action of 
which would locally distort the pieces and give 
a false indication. 
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For the best quality of work great skill is 
necessary in the use of a test plate, the indica- 
tions of which require careful interpretation. 
Flat surfaces may be finally tested by an 
analysis of the reflected image in the manner 
described in § (2). The reflection test is the 
more reliable, but the test plate has the merit 
of great convenience, and for the greater part 
of the work the optician is called upon to 
perform it is thoroughly reliable and invalu- 
able. For curved work one surface of the test 
plate is worked to the appropriate curve and 
the other surface is made flat. The radius of 
the curved test surface is measured by means 
of a spherometer or the radius or focus may be 
determined optically. It will be understood 
that the primary function of the test plate is not 
to obtain absolute measurements, but to de- 
termine the extent and nature of the difference 
between the worked surface and the test plate. 
To indicate the permissible amount of irregular 
distortion is hardly possible. If there is any 
noticeable irregularity the surface should be 
reworked. Slight regular ellipticity may be 
per mis sible when the astigmatisms of two 
transmission faces are normal to one another. 
Curvature to the extent of one and a haK 
to two complete rings is generally regarded 
as being just permissible. It might be 
thought that such a statement would require 
extensive qualification according to the size 
of the part, its function, and its position in 
the optical system, particularly as regards its 
distance from a focal plane. Practical ex- 
perience, however, shows that this limit of 
two rings, which accords with the practice of 
at least one large German firm,^ covers a very 
wide range of work. Factory conditions render 
it practically impossible to adjust the hmits to 
suit the requirements of individual parts. The 
tendency is towards the adoption of approxi- 
mately one general and high standard of 
optical quality. 

§ (5) Optical Peooesses. — For practical 
reasons it is customary to divide the process 
of working optical surfaces into three stages : 

(1) The forming stage in which the size and 
shape of the part is accurately determined; 

(2) the smoothing stage ; and (3) the polishing 
stage. 

Stages (1) and (2) involve the use of abrasives 
and these operations are accordingly performed 
in rooms quite separate from the pohshing 
departments, where fine media only are em- 
ployed. But it must not be assumed that the 
polished appearance of the surface as distinct 
from regularity of surface is a phenomenon 
that only takes place as a result of the pohshing 
process. Actually a certain amount of pohsh 
is associated with the use of the roughest 
abrasive. 

^ W. Zschokke, Festschrift, Firma C. P. Goerz, 
p. 140. 


It is only within comparatively recent years 
that the molecular regularity of polished sur- 
faces has received recognition. The earlier 
conception is Veiy clearly expressed by Sir 
Isaac Newton ^ in the foUorving words : 

“ For in pohshing glass with sand, putty, or 
tripoly, it is not to be imagined that these 
substances can, by grating and fretting the 
glass, bring ah its least particles to an accurate 
pohsh, so that ah their surfaces shah be truly 
plain or truly spherical and look all the same 
way so as together to compose one even surface. 
The smaller the particles of those substances 
are the smaller will be the scratches by which 
they continuahy fret and wear away the glass 
unth it be polished, but be they never so 
smah they can wear away the glass no other- 
wise than by grating and scratching it and 
breaking the protuberances, and, therefore, 
polish it no otherwise than by bringing its 
roughness to a very fine grain so that the 
scratches an^ frettings of the surface become 
too small to be visible.” 

There is no indication here that Newton 
regarded the surfaces as being molecularly 
regular or comparable with the surface of a 
liquid. 

Subsequent writers have not hesitated to 
accept without question and to repeat the 
statement of so authoritative an observer as 
Newton, Thus, for example, Coddington,® 
Sir J. F. W. Herschel,‘‘ and Sir David Brewster ® 
use practically the words of Newton when 
descrihing a polished surface. 

If polishing were merely a continuation of 
the grating and fretting of the surface pro- 
tuberances it should be possible to observe 
a continuous sequence of appearances from 
coarse conchoidal fractures to a grain of 
ultramicroscopic character. But if the opera- 
tion of polishing a smoothed surface is per- 
formed under the microscope it will be seen 
that numerous patches of perfect polish akin 
to the still surface of a liquid are formed 
almost instantly, and that these patches exhibit 
no intermediate structure other than accidental 
scratches and kindred defects. 

Lord Rayleigh * in a lecture on “ Polish ” 
appears to have been the first to describe 
their appearance. He states that, “ In view 
of these phenomena we recognise it is some- 
thing of an accident that polishing processes as 
distinct from grinding are needed at all, and 
we may be tempted to infer that there is no 

“ Newton’s Opticks, 1704, second book, p. 08. 

® Coddington’s Optics, 1820, p. 32. 

* Sir J. F. W. Herschel, Encyclopaedia Metropolitana, 
1830, “ Optics,” p. 447. 

‘ Sir Da^dd Brewster, Optics, p. 169. 

“ Lord Rayleigh, “ Poiish,” Royai Institution, 
March 29, 1901. See also Lord Rayleigh, “ Inter- 
ference Bands and their Appiications,” Royal 
Institution, March 24, 1903. Also “ Polishing of 
Glass Surfaces,” Proc. Opt. Convention, No. 1, 1905, 
p. 73. 
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essential difference between the operations. 
This appears to bave been the opinion of 
Herscbel (as expressed in the ^nc. Met., art. 

‘ Light,’ 1 pp. 447 to 830), whom we may 
regard as one of tbe first authorities on such 
a subject. But although perhaps no sure con- 
clusion can be demonstrated, the balance of 
evidence appears to point in the opposite 
direction.” . . . “ Under those conditions which 
preclude more than a moderate pressure it 
seems probable that no grits are formed by. 
the breaking out of fragments but that the 
material is worn away almost molecularly.” . . . 
And later he states : “ But so much discon- 
tinuity as compared with the grinding action 
has to be admitted in any case that one is 
inevitably led to the conclusion that in all 
probability the operation is a molecular one 
and that no coherent fragments containing a 
large number of molecules are broken out. If 
this were so there would be much less difference 
than Herschel thought betweenathe surfaces 
of a polished solid and of a hquid.” 

Although the molecular character of the 
polishing operation and the similarity of the 
surface produced to that of a liquid are quite 
definitely expressed, and although Lord Ray- 
leigh has referred in other of his papers to the 
remarkable pool-like ai^pearance of elementary 
polished patches of a glass surface, it is not 
quite clear whether he regarded the result as 
being due to the removal of the substance 
molecule by molecule as distinct from the 
removal of minute aggregates of molecules or 
as being due to a molecular rearrangement or 
flow of the surface molecules as in the case of 
a liquid. 

This latter conception is attributable very 
largely, if not entirely, to Sir George Beilby, 
who has developed it in a series of papers ® 
dealing principally with metal surfaces, the 
tenacity of which is such that the surface 
amorphous layer is capable of bridging over 
surface cavities even when these are not 
completely filled with debris. It is very 
doubtful if any such bridging over of even 
minute cavities occurs in glass owing to the 
small cohesion of the sUicates as compared 
with that of the metals.® 

According to the molecular flow * theory of 

^ Herschel’s description is practically a repetition 
of Newton’s earlier observations. 

* Papers, G. T. Beilby : “ Surface Mow in Crystal- 
line Solids under Mechanical Disturbances/’ Proc. 
Roy. Soc., 1903, Ixxil. 72 ; “ The Effects of Heat and 
of Solvents on Thin Films of Metal,” Proc. Roy. Soc., 
1903, Ixxii. ; “ The Hard and Soft States in Metals,” 
Phil. -Mag., Aug. 1904 ; ‘‘ The Influence of Phase 
Changes on Tenacity of Ductile Metals,” etc., Proc. 
Roy. Soc., 1905, A, Ixxvi. ; “ The Hard and Soft 
States in Ductile Metals,” 1907, A, Ixxix. ; “ Smface 
Flow in Calcite,” Proc. Roy. Soc., 1907, A, Ixxxil. ; 
” Transparence or Translucence of the Surface Film 
produced in Polished Metals,” Proc. Roy. Soc., 1914, 
A, Ixxxix. 

“ “ Some Notes on Glass Grinding and Polishing,” 
J. W. French, Opt. Soc., 1916, xvii. No. 2. 

* See also “ Solicls, The Flow of,” Vol. V, 


polishing, the forces exercised by the polisher 
upon the surface molecules of the glass suffice 
to overcome the cohesive forces binding them 
together, with the result that the molecules 
rearrange themselves uniformly under the 
action of their surface tension forces. Thus 
it would appear that the grain of a polished 
srirface, being molecular, is much finer than 
is actually required for the regular reflection 
of even the shortest visual rays at normal 
incidence. 

Polished layers may be produced in several 
ways although in all cases the action is 
fundamentally the same. Eire-glazed surfaces 
result from the thermal agitation and conse- 
quent flow of the surface molecules. Chemical 
forces produce a similar result. Provided 
precautions are taken to prevent the accumula- 
tion of fluoride crystals, very perfect light- 
reflecting glass surfaces may be produced by 
the action of hydrofluoric acid.® 

When a piece of glass is fractured the forces 
at the cleavage edge so profoundly disturb 
the molecules that they are able to flow and 
form the characteristic polished appearance 
of a fractured surface. 

It is hardly possible to fracture a piece of 
glass so suddenly that its surface is not 
polished. Under the microscope a rough 
ground surface is seen to consist of numerous 
conchoidal depressions the surfaces of which 
are aU fight reflecting, and which may indeed 
be made to act as so many separate lenses of 
poor quality.® Closer examination wfill dis- 
close a roimding of all the ridges where the 
conchoidal surfaces intersect that can only be 
attributable to viscous flow. The ridges have 
a characteristic yellow-green colour whether 
the glass is flint or crown. Where these ridges 
intersect one another elementary polished 
patches are found, and if an attempt were 
made to polish a rough ground surface of this 
type, it would be seen that these elementary 
patches would be extended until they joined 
one another with the ultimate formation of a 
continuous polished surface. 

§ (6) Abrasion. — ^In order that the work- 
shop processes may be more fully understood, 
the features characteristic of abrasion and 
polishing must be considered in detail. 

Suppose a small steel ball is pressed upon 
the polished surface of a glass cube the trans- 
verse faces of which are also polished so that 
the stresses introduced may be viewed by 
means of a polariscope.’ When the pressure 

' Lord Rayleigh, “ Polish,” Royal Inst., March 29, 
1901. The writer has confirmed Lord Rayleigh’s 
experiments, and has reduced by means of hydro- 
fluoric acid the surface of a polished plate to the 
extent of about 50 without adversely affecting its 
optical perfection. 

“ Lord Rayleigh, “ Interference Bands and their 
Applications,” Royal Inst., March 24, 1893. 

’ J. W. Mench. “ Percussion Figures in Isotropic 
Solids,” Nature, Nov. 20, 1919, p. 312. 
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is Tery light the appearance between the 
crossed Nicols is as in Fig. 2. The central 
black cone has an angle of about 20°, which 
appears to be practically independent of the 
pressure. The cone of strain b, b has an angle 
of about 90°. Some surface light is visible at 
d, d. At low pressures the dark cones c and a 
merge softly into b. As the pressure is in- 
creased the interfaces become more intensely 
defined, but the angles do not alter appreciably. 
Further gentle increase of pressure causes the 
surface layer to rupture as in Fig. 3, which is 
a photo-micrograph of an etched polished 
surface repeatedly ruptured by gentle impact. 
If the Nicols are paralleled black rays will 
be seen proceeding from the edge of the crack 
as in Fig. 4, their direction indicating that the 
crack is normal to the surface. The character 
of Fig. 2 is not appreciably altered. 

A new phenomenon makes its appearance 
when the pressure is again increased. Immedi- 
ately under the ball there appears as in Fig. 5 
a sphere pierced by the filament of the cone a, 
and having a black outline tinged with red 
on the outside. The interior is filled with 
green - blue light ; otherwise the general 
appearance of Fig. 2 is unaltered. If now 
the Nicols are paralleled, it will be seen that 
the well-known type of conical fracture^ has 
been produced as indicated in Fig. 6. The 
coloured sphere of Fig. 5 is a certain indication 


coloured spheres indicative of subsidiary 
planes may be observed as in Fig. 9. 

Now the grains of an abrasive such as 
carborundum are nodular in parts and hard and 



Fig. 3. — Surface etched after rupturing. 
Magnification 40 diameters. 


akin to the steel balls used in the experiment. 
But a rough ground or smoothed glass plate 
exhibits practically no cone fractures, notwith- 
standing the vast number of impacts that 
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of the existence of a cone fracture. Examina- 
tion with the Nicols in an intermediate position 
shows that the cone fracture which follows the 
surface of h is tangential to the sphere which 
covers it. If the pressure is again increased 
the crushing point is soon reached. The glass 
under the ball collapses almost explosively, 
a distinct click being audible, and the ball 
sinks deeply through the surface. At the 
moment of this collapse, the cone of light b 
broadens out owing to the extension of the 
area of pressure. The cone fracture also 
may extend horizontally like the brim of a hat, 
thus definitely terminating the depth below 
the surface, and the space within the cone 
becomes cleft by one or by two fracture 
planes normal to one another and having 
their line of intersection on the axis of the 
dark cone a, as in Fig. 7. The diametral 
planes may be extended to the brim as in 
Fig. 8. Under crossed Nicols two new small 

‘ “ L’Eclateraent,” Ch. de Frdminville, Revue de 
Mdtallurgie, Sept. 1914, sect. vii. p. 60. 


must have occurred in the operation. Only 
if the tool carrjdng the abrasive is lowered 
sharply on to the glass surface will a number 
of cone fractures probably be formed. 

From this it seems evident that the grinding 
of glass is not the result of any such normal 



pressure of the grains, and another explanation 
must be obtained. • In the experiments with 
the steel ball as described above the forces 
were symmetrical about the vertical axis. 
When the pressure is applied near the edge of 
the surface, the new appearance corresponding 
with the stage illustrated in Fig. 2 will be as 
illustrated in Fig. 10, from which it will be 
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seen that the central cone is now deviated 
towards the side. Its axis along which fracture 
finally takes place follows the characteristic con- 
choidal section. It is presumably the impact of 
the abrasive grains on the edges of cavities 
that produces the conchoidal splintering of a 
ground surface as indicated in Fig. 11. 

As it is the transverse movement of the tool 
relatively to the glass that forces the hard 
grains against the edges of the cavities, it is to 
be expected that the rate of grinding will 
depend upon the speed 
of movement of the tool 
relatively to the work, 
and also upon the press- 
ure exerted by the grains. 

Fia. 11. This is confirmed, so far 

as the effect of relative 
speed is concerned, by the results of carbo- 
rimdum abrasive tests which indicate that the 
weight of glass removed is directly proportional 
to the relative speed, ^ the other conditions being 
maintained constant. To eliminate the effect 
of loss of cut fresh abrasive must be applied 
at intervals of about one minute, and pre- 
cautions must be taken to ensure constancy of 
the general conditions throughout the tests. 

From an examination of the previous Figr. 11, 
it wifi, be seen that the larger the grain the 
deeper, in general, will be the point of impact 
and the larger the splinters removed. The 
rate of grinding is therefore dependent also 
upon the size of the grain. Thus by reducing 
the coarseness of the abrasive at each stage 
of the grinding operation, a surface of any 
desired degree of fineness may be obtained ; 
and indeed the surface may be highly polished 
by means of the same material as is used for 
the rough grinding, provided a suflficiently fine 
grain of a suitable character is obtainable. 
Prior to the time of Antheauhne ^ it was the 
practice of the earlier opticians ® to make the 
polishing process merely a continuation of the 
grinding stage, the sand first used being ground 
down sufficiently in the operation to serve 
as a polishing medium in the later stages. 

Highly polished optical surfaces have also 
been produced by the use of very fine grades 
of carborundum. As much more suitable 
polishing media than fine carborundum are 
available, this experiment is mainly of interest 
as emphasising that there is no strict line of 
demarcation between abrasion and polishing. 
The removal of material and the production 
of the amorphous polished layer occur simul- 
taneously, although to different extents. Thus 
in the coarsest grinding there is removal of 

^ " More Notes on Glass Grinding and Polishing,” 
J. W. French, Trans. Opt. Soc., Jan. 1917, xviii. 

* Eistoire des mathematiaues, Montucla, vol. iii. 
part V. book ii. p. 498. 

“ B-enati Descartes Opera PMlosophica, “Diop- 
tricis,” 1650, cap. x. ; Johannes Zahn, Oculus Artifir.i- 
alis Teledioptricus, 1702. 


material and only very shght surface flow 
along the ridges between the concavities of 
the surface, since the cleavage flow over 
the depressed surfaces of the conchoidal 
fractures does not contribute except in the last 
stage to the final surface.^ As the abrasive 
becomes finer the splinters decrease in size 
and the material removed diminishes, while 
the amount of surface flow over the network 
of ridges increases. 

If in the grinding process the flat grinding 
tool is so hard that it rides over the grains, 
the impacts would be more’ normal to the 
surface and imdesirable cone-fracturing would 
occur. The finer the abrasive the harder may 
be the smoothing tool. Lead, zinc, copper, 
aluminium, brass, and cast iron have ail been 
used for various kinds of work and various 
abrasives, but fine-grained cast iron and brass, 
free from surface defects, are most generally, 
and indeed almost universally, employed. 
Steel is too hard for even the finest grades of 
abrasive. 

After the surface has been ground to the 
necessary degree of fineness, polisliing may be 
commenced, the purpose of the process being to 
promote the greatest possible amount of surface 
flow while avoiding the conchoidal splintering 
characteristic of the grinding process. 

A very small amount of material is removed 
during the polishing action, but the nature of 
the abrasion, if it can be so termed, is character- 
istically different from that during grinding. 
Minute grooves are ploughed through the 
amorphous surface layer, and small portions 
of the amorphous substance become dis- 
engaged by the action of the polisher and are 
removed. These fragments may be recovered 
by dissolving away the rouge and resinous sub- 
stances. The residue has a spar klin g snow-like 
appearanceand consists of extremely minute un- 
resolvable particles cemented loosely together 
possibly by surface fusion along their edges. 

§ (7) Polishing. — A clear distinction must 
be drawn between a polished surface and 
one that is at the same time optically regular. 
This will be more easily understood by 
considering the action of a cloth polisher as 
compared with that of a pitch polisher. 

Suppose in Fig. 12, A is the fine ground 
surface greatly magnified composed of flat 
elementary areas with numerous conchoidal 
depressions. A surface of this kind is said 
to he grey, the appearance being due to 
irregular reflection or scattering of the light. 
B is a layer of soft cloth or felt cemented to 
the regular surface of the metal runner 0, 
which may be of aluminium, brass, or iron. 
Over the flat areas of A the drag, and con- 
sequently the reduction of the general level, 
will he greatest. Over the surfaces of the 

* “ Some Notes on Glass Grinding and PoUshing,” 
J. W. French, Trans. Opt.^Soc., Nov. 1916, xvU. No.2 


Tool 





Glass 


OPTICAL PARTS, THE WORKING OE 


335 


depressed areas into which the felt partially 
pnka there will be a certain amount of drag 
and polishing action, combined with the 
removal of material not only from the flat 
portions hut to some extent from the depres- 
sions also. There will he a general rounding 
off of the irregularities, but, as is confirmed by 
practice, the irregularities cannot be eliminated 
by the use of a soft polisher, although a small 
amount of original grejmess is rendered less 
conspicuous to ordinary vision, and a false 
appearance of complete uniformity and polish 
may be produced more quickly by means of 
a soft polisher. Suppose a harder type of 
pohsher such as a pitch polisher is used. When 
using the same pohshing medium, such as 
rouge, the amount of drag and pohshing 
action over the flat portions will be greater 
than when using cloth, and, further, as the 
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pitch will not sink into the depressions to the 
same extent, the rounding and particularly 
the removal of material from the depressed 
portions will be less. 

When using a hard pohsher a uniform 
polished surface free from all greyness is 
obtained by the removal of the surface 
material stage by stage until the surface is 
reduced below the level of the deepest oon- 
choidal depression.^ 

Under the action of the polisher, according 
to the flow theory, the disturbance of the sur- 
face molecules is such that they are able to 
rearrange themselves or flow with the con- 
sequent formation of a polished amorphous 
layer. Minute aggregations of the rouge or 
other medium plough away the surface layer, 
and it is conceivable that there may be also 
some swaging action, material being removed 
from the higher portions and welded upon the 
adjacent depressed areas. As the amorphous 
material is removed in this way the underlying 
molecules are acted upon by the polisher, and 
the process is repeated layer by layer as in- 
dicated in Fig. 13. 

If rouge is employed in the last stage it is 
generallj'' possible by special illumination of 
the surface to detect an open network of these 
fine grooves ; hut if no medium other than a 

' " Polishing of Glass Surfaces,” Lord Rayleigh, 
Proo. Opt. Convention, 1905, i. 76. 


very fine film of water is used for the final 
polishing operation, the presence of grooves 
will hardly be observable. When a surface of 
this kind is etched with hydrofluoric acid a 
network of grooves will reappear,^ and it has 
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FIG. 13. 


been assumed that just as in the case of metals 
the original grooves have been bridged over 
by the amorphous layer and are uncovered 
when the surface layer is dissolved away. 
Numerous experiments, however, seem to 
indicate that the cohesion of the amorphous 
silicates is too small to permit of the bridging 
of the finest surface cracks that can be 
produced.® That grooves produced during 
the rouge-polishing stage become filled up 
during the final water-pohsMng stage may, 
however, be accepted. Thus it is probable 
that the groove A in the surface layer becomes 
filled up possibly in stages at each stroke in the 
manner indicated in Fig. 14. On the assump- 
tion that the expenditure of energy upon a 
substance tends in general to reduce its chemi- 
cal stabihty, it is to be expected that the 
material filling the grooves would be rapidly 
acted upon and that the grooves produced by 


Residual Qrooue B 


Glass 


FIG. 14. 


etching are really reproductions of the original 
grooves. The course of the original grooves 
will in any case be indicated by a very fine 
groove B, which would be extended by the 
acid to form a deeper groove occupying the 
place of the original one. 

The various stages in the grinding and 
polishing of a glass surface may be summarised 
briefly as follows : 

1. The removal of material by the breaking 
away of splinters, the size of which is reduced 
in stages by the use of finer grades of abrasive. 

^ “Interference Banks and their Applications,” 
Lord Rayleigh, Royal Inst., March 24, 1893. 

“ “Some Notes on Glass Grinding and Polishing,” 
J. W. French, Trans. Opt. Soc., Nov. 1916, xvii. 
No. 2. 
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2. The production of an amorphous or 
surface flow layer and the gradual removal of 
these layers by grooving as distinct from the 
splintering of the first stage, the removal of 
material being effected by means of a very 
fine abrasive or polishing material such as 
minute aggregates of particles of rouge. 

3. The elimination of the grooves produced in 
stage 2 by the use of a continuous medium such 
as a film of water in place of the discontinuous 
medium such as rouge, there being during this 
stage the maximum production of surface flow 
and practically no removal of the surface layer 
material and no splintering action whatever. 

§ (8) Polishing Materials. — An abrasive 
to be effective must possess several well- 
defined characteristics. The grains, which 
must be hard, should have an irregular form 
presenting many strong edges or rounded 
points that will transmit the impact forces to 
the glass to be abraded. When the grains 
break down the fragments should be of the 
original form in order that the action on a 
finer scale may be continued. An abrasive that 
breaks down into lamellar fragments is said to 
lose its cut. Diamond, splinters of which are 
illustrated in Fig. 15, is the most effective of 
abrasives, but owing to its cost it can only be 
used for special operations such as the slitting 
of glass where the quantities are small. 

Carborundum (SiC) is a compound of carbon 



Pia. 15. — Diamond Splinters. Magnification 
15 diameters. 


and silica, resulting from the fusion of car- 
bonaceous materials such as coke or charcoal 
with sand in the electric furnace at a tem- 
perature of about 2000° C. Its hardness on 
Mohs scale is about 9, diamond being 10. 
From Fig. 16 it will be seen that the grains 
are of the desired irregular shape, which is 
retained as they break down. 

Other important abrasives are obtained 


by the combination of alumina and sihca in 
the electric furnace, such, for example, as 
corundum, alundum, and aloxite. They are 



IriG. 16. — CaihoTundum. Magnification 
40 diameters. 

most commonly employed in the form of grind- 
ing wheels. As loose abrasives they are not 
so effective as carborundum. 

Emery is a natural form of artificial corun- 
dum, being a silicate of alumina containing, 
however, oxides of iron and other impurities 
irregularly distributed. It breaks down more 
readily than carborundum and loses its cut. 
The loss of cut is only temporary, however, as 
after washing the material can be used as a 
finer grade of emery. 

Sand is sometimes used for rough abrasion, 
more particularly in establishments where no 
facihties exist for the washing and recovery 
of the more expensive types of abrasive. Its 
grains are frequently rounded and water-worn 
as indicated in Fig. 17, and it readily breaks 
down and loses its cut. 

Separation of an abrasive into the various 
grades of fineness is generally done by a process 
of settling and levigation. Thus three-minute 
emery is the material obtained from the hquid 
that is decanted after a settling period of three 
minutes. For carborundum it is necessary to 
use sieves of various finenesses in conjunction 
with settling, except in the finest stages, for 
which sufficiently ^e sieves are unprocurable.’- 

A comparison of the abrasive powers of 
carborundum, emery, and sand of approxi- 
mately equal size of grain is obtainable from 
Fig. 18, which also shows how in the case 
of each abrasive the rate of abrasion is directly 
proportional to the pressure when fresh abra- 
sive is supplied continuously. 

If the abrasive is not frequently renewed, 

" The Grading of Carborundum for Optical 
Purposes,” J. W, French, Trans. Opt. Soc., Oct. 1917. 
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the rate of griading would not increase 
regularly with the load owing to the loss of 



Fig. 17. — Sand. Magnification 40 diameters. 


cut and a certain clogging action, especially 
at the higher pressures. This is illustrated in 
Fig. 19, from which it will be seen that when 
using No. 3 carborundum having an average 
grain diameter of OT mm. the rate of abrasion 
is directly proportional to the load when fresh 



Fig. 18. 


material is applied every half minute, whereas 
there is actually a reduction of the rate at high 
loads when the intervals between the applica- 
tions are of five minutes’ duration. 

The series of curves in Fig. 20 shows how the 
rate of abrasion varies with the size of the 
grains and the load on the tool. Fresh abrasive 
was applied every half minute, and it will be 
seen that for the coarsest No. 1 carborundum 
having a grain diameter of approximately 
0-2 mm. the abrasion is directly proportional 
to the load. In the case of the carborundum 


grades 3, 4, and 5 the curve bends at the higher 
loads suggesting the need for more frequent 
renewal of the abrasive, due possibly to clogging 
arising from an admixture of glass powder in 
these intermediate grades. 

A similar series of abrasive curves for 3 
minute, 15 minute, and 40 minute emery is 



Load per square millimetre 
No>3 Grade (washed) CarOorundum (O'l mnitd!am*) 

FIG. 19. 


illustrated in Fig. 21. Between the 3 and 
15 minute curves there is a considerable 
interval which corresponds, however, with the 
grain dimensions, which are 0-13 mm. and 
0-01 mm. respectively. 

From the various diagrams it will be evident 



FIG. 20. 

that the rate of abrasion of a particular type 
of glass depends upon : 

The nature of the abrasive. 

Its grade of fineness. 

The load upon the tool. 

The relative speed and to some extent the 
frequency of renewal. 

The material of the tool itself, which has 
some bearing on the rate of abrasion, is 
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practically determined by the type of abra- 
sive, the materials of widest application being 
fine-grained cast iron and brass. 

Rates of abrasion afford a general but not 
definite idea of the quality of a ground surface, 
because the same weight of material may be 
removed by the production of large shallow 
splinters or by smaller and correspondingly 
deeper ones. In the grinding process it is 
sought to produce a surface of uniform texture 
free from isolated deep pits which often deter- 
mine the thickness that must be finally 
removed. A record of the texture may be 
obtained by observing the reflectiug power of 
the ground surface.^ If the surface is viewed 
so obliquely that the irregularities are fore- 
shortened to such an extent that even the 
longest red rays are reflected, a perfect white 
image of, say, an incandescent filament may 
be seen reflected from the surface. The image 
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may be as clear and distinct as if viewed by 
means of a polished silver mirror. As the 
reflecting plate is rotated so as to decrease 
the angle of incidence, there will be observed 
an apparently abrupt change from bright 
white to dull grey, followed at a smaller 
incident angle by a change to red, which later 
suddenly disappears. These three changes 
take place sufficiently abruptly to provide a 
general record of the surface. Thus in the case 
of a piece of hard crown glass, ground with 
3 minute emery, the respective angles of in- 
cidence, the readings of which can be repeated 
to within half a degree, were 80°, 78°, and 75°. 
For similar glass ground with an abrasive 
wheel, the corresponding figures were 66°, 61°, 
and 46°, thus indicating a much finer texture. 
In Fig. 22, which gives a comparison of the 
surfaces produced by a series of carborundum 
abrasives, abscissae represent the size of the 
respective grains, and ordinates the cosecants 

^ “ More Notes on Glass Grinding and Polishing,” 
J, W. French, Trans. Opt. Soc., 1917 (Jan.), vol. xviii. 



of the angle between the surface and the line 
of sight. This is equivalent to the projection of 
the texture in a plane normal to the line of 
sight, thus enabling the irregularities to be 
compared directly with the lengths of the 
w’aves regularly reflected. As is to be ex- 


■ 

turn 

■ 

■ 

■mi 

■ 

Hi 

■ 

■ 

■■■ 

■ 

IS 

■ 

■■■HI 

■ 

H 

■ 

IQ 


■ 

■ 

■■■BM 

■ 

■Sil 

\wt 

s 

£ 

gj 

M 

■ 

■ 

■ 


Dull grey 
to red 


0 . 02 S 0-05 0.078 0-1 o-) 2 s Millimetres 

Size of Carborundum Crain 


pected from the previous abrasion diagrams 
the curves are straight lines, the projected 
dimensions of the texture being directly pro- 
portional to the size of the grain when the 
other conditions such as load and speed are 
maintained constant throughout. 

Fig. 23 shows the corresponding results 
obtained when using the three grades of emery 
conamordy employed, namely 3 minute, 15 
minute, and 40 minute emery. If the condi- 
tions can be controlled with sufficient accuracy, 
similar straight line curves may be obtained 
for most abrasives, but in the case of such 
abrasives as powdered glass which break down 
readilv and lose their cut, the conditions cannot 



.05 '075 

Size of Grain 


be easily controlled and the curves generally 
fall away towards the coarser grades. 

Smoothing operations in the case of a single 
piece may be regarded as a continuation of the 
rougher grinding processes, their purpose being 
to reduce as much as possible the amount of 
material that has to be removed in the polish- 
ing process, but when a number of pieces after 
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being formed are mounted in one block so that 
they may be polished together, the smoothing 
process preparatory to polishing is necessary 
in order to reduce any irregularity of the sur- 
face levels due to slight errors in the laying 
down of the pieces. 

Whether the surface desired is plane or 
curved the final form of the piece must be 
produced before the polishing operation is 
commenced. Any important alteration of the 
form is impracticable during the polishing 
process, the functions of which are the forma- 
tion of the brilliant amorphous light reflect- 
ing surface layer, and the production of a true 
figure, that is, the correction of minute errors 
of form not exceeding one or two wave-lengths 
over the whole surface. Greater errors of form 
must be corrected by a repetition of the 
smoothing or fine grinding operation. 

Almost any substance in a fine enough state 
of division, and provided its grains are not 
lamellar in form or soluble in the liquid 
employed^ or liable to weld upon the surface 
of the glass, may be used as a polishing 
medium. Thus glass can be polished readily 
with fine charcoal, but hardly at aU with 
graphite. 

But in practice the choice may be limited 
to a very few substances, the principal of which 
is rouge, that is oxide of iron (FegOj). Many 
substances are slow in their pohshing action. 
Putty powder, that is tin oxide (Sn02), which 
at one time was extensively used, is now 
excluded for reasons of health. 

Manganese dioxide (MnOg), although an 
excellent medium, is very black and is difficult 
to remove from the hands and 
clothiiig ; from the point of 
view of general cleanliness its 
use is often avoided. Other 
media again cannot be ob- 
tained in a consistently uni- 
form condition, and although 
the variety of substances is 
great, there are really few that 
have ah the advantages of 
rouge, which is so extensively 
used, except for the very 
cheapest kinds of optical 
work. Comparisons of the 
pohshing media can only be 
made if the conditions are 
carefully standardised, and 
particularly if the texture of 
the original smoothed surface 
is the same in aU cases. The 
rate of pohshing, so far as 
pohshing is determined by the 
removal of material until 
the bottoms of the deepest 
depressions are reached, depends upon the 
following : 

The original state of the smoothed surface. 


The character of the polishing-tool surface, 
which may be, for example, of cloth, 
pitch, wax, or paper. 

The pohshing medium. 

The lubricant. 

The load. 

The relative speed of the tool and the surface 
operated upon. 

The typical chart, Fig. 24, shows how the 
time of pohshing and the rate of removal of 
glass arc affected by the load on the tool. 
In this particular instance the rate of removal 
of material varied directly with the pressure, 
the tool being covered with a mixture of 95 per 
cent of beeswax and resin and 5 per cent pitch. 

It is not possible to make any definite 
comparison of the numerous substances that 
may be used as pohshing media, because the 
results are greatly influenced by the conditions. 
Substances that are only moderately good 
when a pitch polisher is used may be much 
more effective when the polisher is of a different 
type, such as cloth. 

To obtain consistent results it is also very 
necessary to control the conditions, the most 
important being the original state of the 
smoothed surface to be operated upon. 

Table I. shows the times of pohshing when 
using a variety of t3rpical pohshing materials 
under the particular conditions specified. 
In ah cases the original surface was smoothed 
with fine carborundum having an average grain 
diameter of about 1/200 mm., the reflection 
values of the surface being 80° grey, 73 -5° red, 
and 64° loss of red. Pitch polishers were used 
throughout. 

Table 1 

Machine type, reciprocating arm. 

Revs, of spindle, 78 r.p.m. 

Speed of arm, 190 strokes per minute. 

Length of stroke, 1 -25". 

Diam. of worked surface, Z". 

Diameter of polisher, 3". 

Load on polisher, •J- lb. per sq. inch. 


Putty powder and the various pre- 
cipitated media are better suited to cloth 
polishers than to pitch polishers, but the 


Medium. 

Polishing 

Time. 

Quality, 


Hours. 


Precipitated rouge 

^ ) 


Commercial rouge 


Good polish. 

Glassite 

4-1 j 


Very fine carborundum . 

8 

Pair. 

Putty powder (SnOa) 

11 

Surface cut and not good. 

Precipitated silica (SiOj) . 

12 



Precipitated chromium oxide 
(CraOs) 

}l4 


Surface not good. 

Precipitated alumina (AljOs) . 

14 



Precipitated ferrous carbonate 

IG 

1 

Very slightly grey. 

Precipitated hydrous MnOa 

22 

r 
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superiority of the first three media is still 
marked -when used on cloth. 



Fig. 24. 


Very many substances have been used as a 
covering layer for the polishing tool to hold the 
polishing medium. 

Huyghens ^ polished his 
glasses upon the metal tool 
itself, using a specially pre- 
pared mixture of Tripoh as 
a medium, which was reduced 
to a firmer and finer state 
by wiping away the marginal 
portions from time to time. 

To Sir Isaac Newton ^ is 
attributable at least the sug- 
gestion that a pitch layer 
might be used for the polish- 
ing operation. In his OpiicJcs 
he states that : “ An object 
glass of a fourteen foot tele- 
scope made by one of our 
London artificers I once 
mended considerably by 
grinding it on pitch with 
putty and leaning very easily 
on it in the grinding, lest 
the putty should scratch it. 

Whether this way may not 
do well enough for polishing 
these reflecting glasses I have 
not yet tried.” 

It is quite clear from a 
previous paragraph ® that 
Newton actually used pitch 
for both the grinding and the 
polishing of metal reflectors, 
for in the same work he 
states : “ Then I put fresh 
putty upon the pitch and 
ground it again till it had 
done making a noise, and 
afterwards ground the object metal upon it 
as before, and this work I repeated until the 
metal was polished, grinding it the last time 
with all my strength together for a good while, 
* C. Hugenii, Opera Meligua, ii. 218, and Smith’s 
“ Newton, Opticks, p. 78. “ Ibid. p. 77. 


and frequently breathing upon the pitch to 
keep it moist -without laying on any more fresh 
putty.” The application of water alone in the 
final stage is of particular interest as being 
an important detail of present-day practice. 

Father Cherubin * Lined his polishing tools 
with a variety of materials of fine and uniform 
texture. More particularly he refers to the 
use of very fine thin leather, fine English 
fustian, fine Holland or any fine linen, sfik 
taffety or satin. He describes at great length 
the process of lining the tools with paper 
and the method of remo-ving little lumps or 
irregularities, but the previous use of paper 
is attributable to Antheaulme,® who used the 
grinding tool itself when lined with paper as 
the polishing tool, the medium employed 
being Venetian Tripoli. 

At the present day pitch, wax compounds 
and cloth are the materials most commonly 

Table II 

Surface Layers of Polishing Tools 


used. Comparisons of a variety of materials 
when using a particular polishing medium 
can be obtained from Table II., which shows 

* Le Pfere Cheruhin, La Dioptrique oculaire, 1671, 
part iii. chap. ii. 

' Montucla, Histoire des matMmatiques, vol. iii. 
part v. book ii. p. 498. 


Material worked, glass — hard crown. 
Surface smoothed with fine carborundum, 
diam. of grain about 1/200 mm. 
Spindle speed, 124 to 130 r.p.m. 

Arm speed, 100. 

Stroke, 1-26". 

Polishing medium, rouge and water. 

Load on polisher, J lb. per sq. inch. 


Polisher. 

Time of 
Polishing. 

Bemarks. 


Hours. 


90% pitch with 10% beeswax 
and resin 

} 

Good surface. 

Very hard pitch .... 

1-75 1 

Fair surface, pitch hard- 

ness 0-6 at 37“ C. 

Beeswax and rosin with 10% 
pitch 

1 1-7.5 

Good surface. 

Pitch 70% with 30% rubber 

\ 2 


compound 



Pitch 70% whh 30% rouge . 

2 

Fair surface. 

Soft pitch 

2-7.5 1 

Goodsurface, pitch hard- 
ness 16 at 38“ G. 

Ebonite with 10% pitch . 

f 

Polished, but cut, contact 

3-6 

obtained with difficulty. 

New cloth 

4-5 

Good surface. 

Well-singed cloth 

Cork 

6 

® { 

Poor surface, out. 

Fair surface, slightly cut 
owing to bad contact. 
Cuts, owingto difficulty of 

Wood, dea l 

« { 

obtaining goodcontact. 

Brown paper, impregnated with 
beeswax and resin 

} ' 

Fair surface. 

Very thick felt .... 

12 

Surface grey and mottled. 
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the time required to polish a piece of crown 
glass smoothed in all cases ■ to the same 
standard. For the purposes of comparison 
eomparatively slow speeds and loads were 
employed. From the previous diagrams it 
will be understood that the time of polishing 
would be reduced by increasing these factors, 
and the relative positions of the various 
materials might be slightly modified by the 
use of another polishing medium such as putty 
powder. 

Since the time of Newton, over two hundred 
years ago, hand-polishing methods as practised 
to some extent in most high-class workshops 
have remained unaltered, except possibly in I 


production of an optically flat surface ; if 
t^yo are ground together the respective surfaces 
will become convex and correspondingly con- 
cave, the tendency in practice being for the 
upper tool to become concave. If one of 
these tools, say the convex No. 1 , is then 
ground with No. 3 tool, the latter will become 
correspondingly concave, more or less like 
No. 2. If then the two concave tools Nos 2 
and 3 are ground together, their concavities 



Fig. 25. — ^Haud Working. 


so far as the materials employed are more 
uniform in quality. 

§ (9) Polishing Tools.— S ome idea of the 
esserrtials of the actual flat or prism surface 
polishing operations may be obtained from 
Fig. 25. The pedestal (1), which must be 
ngid, has at its upper end a standard nose- 
piece upon which the tools may be screwed. 
Under the work bench there will be observed 
two flat tools (2) and (3) of close-grained 
and well-annealed cast iron, and on the bench 
another (5) lying face downwards with a 
wooden operating knob screwed into the boss. 
On the pedestal is mounted the tool or runner 
(4) as it IS called, which has a uniform flat 
surface layer of pitch, and on the bench there 
IS a similar runner (11), the pitch surface of 
which IS exposed to view. 

Three plane tools are necessary for the , 


will both be reduced. By grinding No. 1 on 
No. 2, then No. 1 on No. 3, and No. 2 on 
No. 3 m this way, and repeating the sequence 
of oprations as long as may be necessary, 
ail three tools become optically flat and may 

6 ept in this condition by an occasional 
repetition of the process. 

Sir Joseph Whitworth’s name is generally 
associated with this method, which he applied 
to the production of standard surface tables, 
but although the principle may not previously 
have been clearly expressed, the method 
appears to have been known to the earlier 
opticians. 

^e work is ground or smoothed upon one 
of the metal tools, fine grades of carborimdum 
or emery being used as the abrasive medium. 
It IS essential that the surface should be 
ground and smoothed to the desired curvature 
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or flatness, as the time of polishing depends 
upon the perfection of the smoothing opera- 
tions. Removal of material during the polish- 
ing process occurs very slowly, and it is then 
impracticable to effect an alteration of the 
shape other than a change of the figure 
involving a removal of material to a depth of 
a few wave-lengths. 

For the polishing process the surface of 
the metal runner, which itself need only be 
approximately true, is covered with a layer 
of pitch about 12 mm. thick, the runner being 
heated gently to ensure good adherence. 
The pitch surface is then moulded by one of 
the flat tools that has been heated just 
sufficiently to soften the pitch upon which it 
is pressed. When the pitch is cold, the 
whole surface is divided into small squares 
by deep grooves which may be cut more cleanly 
under water when the pitch is of a brittle 
type. Over the pitch surface there is then 
stretched a piece of open texture muslin 
which is squeezed into the pitch by means of 
the hot flat tool, and is then peeled off, 
leaving its network impression on the surface. 

While the deep grooves help to preserve 
the flatness by breaking the continuity of 
the layer and thus preventing the centre 
parts from being squeezed towards the 
periphery, their principal function as well 
as that of the fine network is to destroy the 
suction that would hinder the free movement 
of the work over the moist pitch surface. 

The grooves also serve to retain any excess 
material that otherwise might collect and 
produce sleeks, that is, minute furrows on 
the surface of the work, or even cuts. 

After the pitch surface has been prepared 
in the manner described, it is rubbed with one 
of the optically flat metal tools until it also 
is optically flat. Rouge and water are 
commonly used as the working medium, not 
only in the preparation of the pitch surface but 
also in the operation of polishing the work. 

By means of the soft brush (7) fine, well- 
levigated rouge and water from the pot (9) 
are laid in streaks on the pitch surface of 
the tool (4), and the harder brush (6) is em- 
ployed to spread the medium uniformly over 
the whole surface upon which the part to be 
worked is laid, the sponge (8) being used 
throughout the operations to wash away 
excess material from around the edge of the 
tool. 

The operator, whose attitude is illustrated 
in Fig. 25, controls the work around its peri- 
phery by means of the fingers and thumbs, 
and, while gently pressing it into contact with 
the pitch surface, he moves it to and fro. At 
frequent intervals, after a few such repeated 
strokes, the work is given a wide-sweeping 
movement over the pitch surface and 
is occasionally rotated. At intervals the 


operator also steps round the pedestal, or, 
alternatively, the lower tool may be slowly 
rotated. 

The purpose of these movements is to avoid 
any regular repetition of strokes that would 
tend to local wear of the tool or work, and 
the production of irregular surfaces. If the 
to-and-fro movements in one direction were 
repeated for too long a time, a broad depression 
would be formed on the tool surface, the 
optical flatness of which would accordingly bo 
destroyed. 

From time to time the pitch surface is 
reworked or formed by means of the metal 
tool (5), the flatness of which is preserved by 
occasional working with the tools 2 and 3. 
Towards the end of the process water only is 
used as a polishing medium and the operation 
is continued until the water is almost entirely 
dried up, which is evidenced by a char- 
acteristic squeaking noise. In this way the 
greatest possible viscous flow of the surface 
molecules is obtained owing to the close 
contact between the work and the polishing 
tool. 

Surface defects such as sleeks are detected 
by examining the surface with a low-power 
lens, the necessary illumination being obtained 
from the lamp (10). Defects of flatness are 
detected by means of the test plate (12), which 
is placed on the surface of the work lying upon 
a black cloth. It is essential that the tempera- 
ture of the parts should be allowed to equalise 
before attempting to form a definite decision 
as to the character of the surface under test, 
and before using the test plate the parts 
shoffid be thoroughly cleaned with a linen 
cloth or selvyt (13), and. also freed from dust by 
means of the soft brush (14). 

At night it is convenient to use mercury- 
vapour lamplight, which is approximately 
homogeneous and produces black interference 
rings that may be very readily observed. 

Much skill is necessary to obtain the correct 
figure or form of the polished surface within 
the limits essential to the production of 
well-defined images, and each operator has 
his own particular method of controlling the 
figure, which indeed to some extent depends 
upon individual characteristics such as the 
temperature of his hands. Two methods are 
frequently employed. In handwork, with the 
tool below the glass which has the smaller 
area, if the surface becomes concave the 
stroke should be reduced within the Umits 
of the pohsher. If the surface becomes con- 
vex the stroke should be widened until the 
defect is corrected. On machine work, with 
the tool having now the smaller area above 
the work, these operations should be reversed, 
a wide stroke, and especially one that overlaps 
the polishing tool, being employed to reduce 
any concavity of the surface of the work. 
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In the case, of large surfaces, such as are 
usual in machine multiple work, the position 
of the polishing tool may be so altered that 
it acts more around the periphery or over the 
centre, as may be desired to correct the figure. 

The second method consists in ringing 
the tool, that is, in broadening the furrows 
or scraping the tool surfaces, and thus re- 
ducing the effective polishing area at the 
centre or towards the edge, according to the 
requirements. 

Thus, suppose a block of concave lenses 
is too shallow. To correct the figure it is 
necessary to remove material from the centre. 
This may be done by lengthening the stroke 
of the block so that at the ends of the travel 
it overlaps the pohshing tool, with the result 
that for a portion of the time the outer 
parts, as compared with the centre, are not 
acted upon and are not reduced to the same 
extent ; or the outer portion of the polishing 
tool may be reduced by scraping, or the 
effective surface reduced by ringing, so as to 
increase the relative effect of the ceptre parts. 

A polisher that has been used for a consider- 
able time often becomes glazed and loses its 
effect, so far as the removal of glass is 
concerned, but not as regards the actual 
polishing action if the contact is good. It 
has been suggested that the glaze which 
may be readily scraped away is a more or 
less continuous layer of glass. ^ 

Particular results are also obtained by a 
proper selection of the polisMng layer. 

In the case of pitch, which should be a good 
quality of Burgundy pitch, the hardness must 
be varied by more or less prolonged boiling 
to stiit the temperature, and to some extent 
the nature, of the glass and work. 

Thus, unless the. workshop temperature 
can be kept constant, which is not easy so 
far as the reduction of the maximum summer 
temperature is concerned, a hard, wed-boiled 
pitch must be used in summer and a softer 
pitch in winter. 

Some operators prefer the use of wax 
instead of pitch, and particularly for the 
polishing of curved work. 

From Fig. 26 it will be seen that there are 
characteristic differences attributable largely 
to diSerences in the viscosities of the materials. 
Abscissae represent temperatures and ordinates 
the rates of penetration of a steel disc under 
a constant load. Whereas the pitch yields, 
even at the low temperatures, very little 
change occurs in the beeswax-resin composition 
until a temperature of about 27° C. is reached, 
when the viscosity rapidly changes. As the 
normal temperature of working -rarely exceeds 
22° C., it will be evident that wax layers are 
not so susceptible to fluctuations of tempera- 

^ “ The Surface Layer of an Optical Polishing 
Tool,” J. W. French, Proc. Opt, Soc., 1020, xxv. No. 3. 


turo as Tiitch layers. Wax therefore retains 
its shape better than pitch, but its form is not 
so easily manipulated when a modification of 



the figure is desired, and the difficulty of 
obtaining good contact is greater. 

§(10) Polishing Pbocesses. — Only the 
very highest qualities of optical work or small 
quantities of individual parts are made by 
skilled hand methods. For the production 
of parts in large quantities considerations 
of cost make the use of machinery essential. 
Although highly specialised machinery has 
been evolved for the manufacture of particular 
products, such as spectacle lenses,® there are 
certain well-defined methods and types of 
machinery, a description of which alone will 
suffice to indicate the fundamental principles. 

The machine processes may be divided, as 
in the case of hand work, into the three 
groups : 

(a) Forming or roughing. 

{b) Smoothing. 

(c) Polishing. 

Frequently the raw glass is supplied in 
the form of plates which are cut to the approxi- 
mate shape by means of saws, as illustrated 
in Fig. 27. These saws are thin sheet-metal 
discs of a soft character. Iron armature 
stampings are very suitable for the purpose. 
The edge of the saw is notched and charged 
with diamond dust mixed with oil to the 
consistency of a fine paste. In Germany 
it is common practice to cut deep radial 
peripheral slots about a millimetre broad and 
to fiU these with lead, which holds the diamond 
dust more efiectively. 

The work, which may be a pile of plates held 
within the jaws of an adjustable holder, is- 
pulled by a weight against the cutting edge, 
the movement being controlled by the with- 
drawal of a screwed abutment. 

* Schule der Opli^ Gleichen xmd Klein, 193 4, 
practical section by Klein. 
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Turpentine as a lubricant gives the best 
results, but it has the disadvantage of being 
costly. Petrol is very suitable. Water with 
a small admixture of soda to prevent rusting 
of .steel parts, although less effective, is 
commonly used. 

An average peripheral speed of the saw is 
about 1200 feet per minute. 

Labour and expense in cutting may be saved 
by the use of glass that has been moulded to 
approximately the correct shape and size, 
enough excess material only being allowed 
to ensure that when all the irregularities of the 
surface have been ground away the sizes will 
not be too small. 

When the quantities involved are not large, 
the actual forming of the work to the required 
linear dimensions and shape within usually 


must be exercised to avoid contamination of 
the emery with the harder carborundum. The 
large cast-iron grinding disc in Fig. 28, which 



Pig. 27. — ^Disc Sawing Macliine. 

an angular limit of + three minutes is some- 
times done by hand, as indicated in Fig. 28, 
the angles being tested by means of simple 
adjustable gauges ^ or, in the case of lenses, by 
disc gauges turned to the appropriate radius. 
For the roughest grinding, sand or coarse 
carborimdum or emery may be used, the 
sand being cheapest but slowest in action. 
If a plant for the washing and grading of the 
abrasive is installed, ^ the use of a single type 
of abrasive such as carborundum, a coarse and 
cheap grade of which only need be purchased, 
is both economical and convenient. 

When two abrasives such as carborundum 
and emery are employed for the coarser and 
finer grinding processes respectively, great care 

^ Handbuch der praktisch-en Optik, by Halle, 1913. 

® “ The Grading of Carborundum for Optical 
Purposes,” Trans, Opt. Soc., Oct. 1917. 



FiG. 28. — Hough Grinding Macliinc. 

runs at a speed of about 250 revs. j)er minute, 
serves the double purpose of breaking down 
the coarser abrasive preparatory to fine grad- 
ing and of forming the heavier work. 

In the case of multiple work the cost of labour 
generally necessitates the adoption of grinding 



Fig. 29. — Glass Milling Machine. 

machinery, one type of which is illustrated in 
Fig. 29. A number of parts are mounted upon 
an adjustable holder on the table of the 
machine, the holder being so arranged that 
it can be accurately angled in accordance 
with the indications of a scale. The table 



345 


OPTICAL PARTS, THE WORKING OF 


runs tlie work longitudinally under the 
grinding wheel, and at the end of each stroke 
its motion is automatically reversed, the 
grinding being done during both strokes. At 
the end of each stroke the table is also fed 
transversely, automatically or by hand. 
Either a heavy cut of about 1 mm. with a slow 
table speed or a light cut of mm. with 
a fast cutting speed of 10 feet per minute may 
be used, but generally it is desirable to avoid 
the heavy forces incidental to a heavy cut. 

The grinding wheel, which is fed down by 
hand as required, is a fine-grade carborundum 
type, such as 220 J, running at a peripheral 
speed of about 500 feet per minute. 

An ample supply of lubricant, such as water, 
is essential to avoid all danger of the formation 
of minute heat cracks. 

Milling cutters in the form of cylinders of 
copper, the surfaces of which are grooved 
longitudinally and charged with ^amond 
dust, have been used by some of the more 
important German opticians, but such cutters 
now appear to have been generally abandoned, 
except for certain minor operations, in favour 
of carborundum wheels. 

Glass mfiling, as compared with surface 
grinding, has the disadvantage of being com- 
paratively slow and therefore relatively costly. 
This will be evident when it is considered that 
there is only line contact between the wheel 
and the surface of the work, which for the great 
part of the time is therefore not being acted 
upon, whereas in the case of surface grinding, 
material is being removed continuously from 
every part of the surface. 

Surface grinding is usually done by means 
of a cast-iron disc with loose abrasive, and the 
parts to be operated upon are mounted in 
accurate multiple jigs, the expense of which 
can only be contemplated when the number 
of pieces to be manufactured is large. 

As the work must be formed practically 
within the final inspection limits, it is necessary 
that the machine should be capable of working 
to an angular hmit of about 2 minutes and a 
dimensional hmit of about mm. to q;-V mm. 

After the individual parts have been formed 
to the exact shape they are submitted to the 
smoothing processes preparatory to being 
polished. For this purpose the faces to be 
polished are placed in contact with an optically 
worked tool, Fig. 30, the surface of which has 
been thoroughly cleaned and slightly oiled. 
Care must be taken to ensure that the layer of 
oil between the surfaces of the work and the 
tool is not too thick, as otherwise a very 
slight pressure on one end of the piece may 
suffice to introduce an angular error of a 
minute. With a little practice such errors, 
even in the case of faces of a few centimetres 
length, may be avoided. 

Over the tool there is then placed a circular ' 


framework, into which is poured a layer of 
plaster of Paris of about 3 mm. thickness. 
After the plaster has solidified the frame is 
filled with a special cement whose volume 
remains practically constant after solidification. 



Fia. 30. — Block of Prism. 


Plaster of Paris and cements that contain free 
lime have the disadvantage that, owing to 
crystalhne changes in the solid condition, the 
volume after sohdification increases for many 
months, the growth being comparatively 
rapid during the first few weeks. 

In such a case, owing' to this expansion, the 
smoothed surface of a cemented block of 
prisms tends to warp to an extent that may 
unduly prolong the pohshing time, or even 
necessitate re-smoothing. 

Plaster of Paris mixtures are suitable for 
blocks of 25 cm. diameter, and can be used for 
blocks of 50 cm. diameter if there is no delay 
between the smoothing and polishing processes 
and if the latter is completed rapidly and in 
one operation. For large blocks of 1 metre 
diameter, such as is illustrated in Fig. 31, 
special cements are essential. 

The frame with the solidified cement con- 
taining the prisms is stripped from the oiled 



Fig. 31. — Smootliing or Polisliing Machine for 
Blocks 1 metre diameter. 


surface of the plate, and when turned over the 
thin layer of plaster of Paris can be removed, 
leaving the surfaces of the prisms projecting 
from the layer of cement, the face of which 
is cleaned and varnished to make it thoroughly 
waterproof and to prevent fragments from 
breaking loose and interfering with the work 
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of polisiling. The thin layer of plaster of 
Paris has no appreciable ill-effect, as its thick- 
ness and time of action are both small. 

For the actual smoothing operation a 
machine of the general type, originally devised 
by Lord Rossej^^ indicated in Fig. 31, Ls 
employed, but although the principle mvolved 
is generally the same in all cases, the arrange- 
ments vary considerably. 

In a machine tool for the working of metals 
or the forming of glass, such as is indicated 
in Fig. 29, the plane in which the work moves 
and the axis about which the tool rotates are 
both definitely fixed. The accuracy of the 
work is accordingly dependent upon the 
accuracy of the machine. 

As the accuracy requisite for the polishing of 
an optically good surface is nearly ten times 
as great as is obtainable with the best tjrpe of 
machine tool, it is necessary for the .manu- 
facture of optical work to adopt the floating 
tool principle preAdously referred to in connec- 
tion with the preparation of flat grinding tools. 

In Fig. 31 it will be seen that the flat 
grinding tool rests freely upon the surface 
of the work, the diameter of which is about 
20 per cent greater than that of the tool,* 
and that it is moved by a central pin resting in 
the hollow socket of the tool. For the actual 
movement of the tool various mechanisms 
have been introduced, but that indicated in 
the illustration is the most common. 

All the arrangements ^ are particularly 
designed to sweep the tool over the surface 
in a continually and widely var 3 dng path 
that only repeats itself after a great number 
of strokes, and further, to provide simple 
adjustments whereby the action of the tool 
may be distributed more or less over the 
central or outer zones of the work for the 
purpose of regulating the form or figui^e. 

Behind the machine there are situated two 
vertical shafts each carrying at its head a 
crank -pin the distance of which from the 
centre of rotation is adjustable. One crank 
drives the end of the main driving arm through 
the intermediary of a gimbal connection that 
enables the arm to be raised when necessary 
quite clear of the tool. The other crank 
similarly drives a radius bar coupled to the 
driving arm. As the throws of the crank are 
independently variable and as the point of 
connection of the radius bar \dth the driving 
arm is adjustable, a large variation in the 
path of the tool is obtainable. It is important 
that the revolutions of the crank spindles 
should not be a whole multiple of the work 
spindle revolutions. A hunting tooth should 
be introduced in the gearing, otherwise a 
portion of the surface will take longer to 

^ Lord llosse’s Telescopes, 1884, and Phil. Tram., 
1840. 

® Deutsche mech. Zeit., 1909, i.K. 81. 

“ Handbuch der praktischen Optik, Halle, 1913, 


smooth or polish, thus increasing the time of 
the operation. By adjusting the length of 
the radius bar the tool may be made to act 
more over the periphery of the work, and the 
length of the stroke may be altered by a 
variation of the amount of throw of both 
cranks. These adjustments are necessary for 
the control of the form or figure of the work. 

To determine by calculation the distribution 
of the grinding or polishing action over the 
surface of the work is very difficult and 
laborious. As was previously stated, the 
action is practically directly proportional to 
the relative speed of the tool and the work. 
When the tool is concentric with the rotating 
work, both rotate together, and there is no 
relative movement or grinding action unless 
a partial brake is ap])Hed to the tool. As 
the tool passes from the centre towards the 
periphery its velocity changes, and there is 
then relative motion of the tool and work 
and consequently abrasion. ' This rotation is 
always in the same sense as that of the work, 
but it necessarily varies throughout the 
cycle, although the momentum of a heavy 
tool acquired when in the concentric position 
tends to make the rotation more uniform. 

The action at any particular point depends 
upon the time the part is acted upon by the 
tool, and this varies with the relative positions 
of the tool and the work, as the stroke is 
generally such that the tool sometimes over- 
laps the work at continually varying positions 
and by varying amounts. 

The action is also proportional to the load, 
and this is not constant as the area of the tool 
in contact with the work varies in the over- 
lapping positions. 

From these considerations it will be evident 
that the problem of determining the distri- 
bution of the action even under the simplest 
conditions is a very complex one. 

The object of the smoothing process is to 
remove irregularities of the total surface 
arising principally from small errors in the 
laying down or assembling of the individual 
parts and minor distortions of the mass, 
and to remove any accidental small holes or 
cuts introduced by the coarser abrasive during 
forming. If the initial work has been well 
done the amount of material to be removed 
is small, but as the rate of removal of material 
during the smoothing operation, when fine 
emery or carborundum is used as an abrasive, 
is much more rapid than during the polishing 
stage when rouge is employed, the importance 
of good smoothing will be evident. 

The polishing process is practically a 
continuation of the smoothing, the same 
methods and type of machine being employed ; 
but a polishing medium such as rouge is used 
in the first instance instead of an abrasive, 
and a pitch, wax, or cloth polisher instead 
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of a metal tool. As in the hand-polishing 
process previously described, water only is 
used as a polishing medium in the final stages 
of the operations. 

§ (11) Polishing Machine. — ^Another type 
of 'macliine capable of poHshing a block about 
1-5 metres in diameter is indicated in Fig. 32, 






Pig, 32. — Smoothing or Polishing Macliine for 
Blocks 1-5 metres diameter, 

and the working of a concave block of large 
diameter lenses is illustrated in Fig. 33. 

Two methods may be employed for the 






Pig. 33. — ^Block oi Concave Lenses. 

production of curved work such as the elements 
of an objective or an eyepiece. 

In the first method, which is not extensively 
adopted on account of the accurate jigs that 
are involved, the lens blanks are ground to the 
final diameter to within a limit of about minus 
1/20 mm. Several piles of discs cemented 
together preparatory to being ground to the 
correct diameter are shovra in Fig. 34, which 
also illustrates the carborundum wheel edging 
machine. 


Fig. 34. — Automatic Edgmg Macliine. 

Fig. 33, and the curve is then ground true 
with the periphery, provided the jig and 
workmanship are sufficiently accurate. 

In the more common method, the unedged 
and partially-shaped blanks are secured indi- 
vidually with pitch within the holder. They 
are then ground and polished in the usual 
manner, and after being removed and cleaned 






Pig. 35. — Hand Centring and Edging Macliine 

the periphery of the lens, if circular, is ground 
true with the optical axis of the lens. 

This operation is indicated in Fig. 36. The 
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lens to be edged is slightly heated and cemented 
to the nose of the hollow spindle of a small 
lathe head. While the cement is .soft the 
position of the lens is adjusted until the two 
reflections of a light or other object from the 
front and back surfaces of the lens ^ do not 
rotate when the spindle is slowly revolved. 
This occurs when the optical axis of the lens 
coincides with the axis of rotation. The 
cement is then allowed to harden, and the 
grinding of the periphery true with the axis 
of rotation, and therefore with the optical 
a.xi.s of the lens, is performed by pressing a 
brass plate against the edge while using emery 
or carborundum as an abrasive. 

Various types of machines are employed 
for special operations and more particularly 
for the production of spectacle lenses.® 

Astigmatic lenses are produced on machines 
in which a cylindrical tool is made to oscillate 
about the axis of the cylinder, the work itself 
being prevented from rotating. For the 
multiple production of toric lenses in which 
the two axes of curvature are approximately 
at right angles to each other, the lenses are 
worked upon cylinders of the appropriate 
radius and ground by means of tools whose 
cross-sections correspond with the curvatures. 

Single and special toric lenses are ground 
individually upon small special machines, but 
in an article such as this, which is concerned 
more with general principles than with the 
mechanical appliances, it is not possible to 
describe in detail the numerous t3rpes of 
machine that are employed for spectacle work. 
The most complete information on this par- 
ticular subject is obtainable from the catalogues 
of the optical machine tool makers or from 
the practical handbooks already referred to. 

j. w. V. 


Optioal Path Dipperencb : the difference in 
the total optical path travelled by rays of 
light which pass through an optical system 
at different distances from the axis. See 
“ Microscope, Optics of the,” §§ (7) and (8) ; 
also “ Light, Rectilinear Propagation of.” 

OPTICAL ROTATION AND THE 
POLARIMETER 

The rotation of the plane of polarisation 
was first observed in the year 1811 by Arago 
in quartz plates. Further, Biot, and also 
Seebeck, discovered the optioal activity of 
some organic substances, oil of turpentine, 
and solutions of sugar and of tartaric acid. 

Biot established the nature of the pheno- 
menon and its laws in a long series of important 

* Dioptricks 1602 ; Molyneux, chap. iv. of 
Mechanicic-Dioptricks, p. 220. 

• Schule der Optih, Gleichen imd Elein, 1914, 
Praktischer Teil. 


papers which extend over a period of forty- 
seven years (1813 to 1860). 

Fresnel published the theory of the proper- 
ties of quartz and introduced the term 
“ circular polarisation ” in 183L 

W. Herschel and J. Herschel recognised the 
significance of certam faces on the quartz 
crystal for predicting the direction of the 
optical rotation. 

An epoch-making discovery was Pasteur’s 
in 1848. He proved in the case of tartaric 
and racemic acids that one and the same 
active substance may occur in two forms, 
with opposite rotatory power, as well as in an 
inactive modification. 

Pasteur stated that substances which are 
optically active as crystals or in solution 
crystallise in hemihedral forms, i.e. the crystal 
and its mirror cannot be superposed. (Pasteur’s 
rule is not reversible, hemihedral crystals do 
not always rotate polarised light) (1). 

Pasteur thought that the optical activity 
might be caused by a lack of symmetry of 
the entire molecule. He imagined that the 
atoms might be arranged in the form of an 
irregular tetrahedron or of a screw. 

No progress of theoretical importance was 
made until 1874, when Van t’Hoff and Le 
Bel, independently of each other, put forward 
the celebrated theory that the optical rotation 
of organic compounds is due to the presence 
of an asymmeti'ic carbon atom. They each 
assumed that the four valencies of the carbon 
atom are directed to the points of a regular 
tetrahedron. If each of these valencies is 
attached to a different atom or radicle it is 
seen that two non-superposable tetrahedra 
result, and these are the left- and right-handed 
forms of the active substance 

Thus the polarimeter has played as cele- 
brated a role in the development of theoretical 
organic chemistry as its essential parts, the 
nicol prism and the quartz plate, have done 
in theoretical optics. 

The rapid progress of synthetical organic 
chemistry in the later decades of the nine- 
teenth century led to the study of a large 
number of new compounds which rotated 
polarised light. 

One of the most celebrated of the prolonged 
researches connected with the polarimeter 
was Emil Fischer’s on the constitution of 
the sugars, in which the interpretation of 
optical activity played a prominent part. 

The discovery of compounds whose optical 
activity was due to the asymmetry of a 
nitrogen atom was followed by the brilliant 
work of Pope on optically active tin, etc., 
compounds. 

Theoretically, optical rotation could arise 
from asymmetric valencies of elements other 
than carbon. These predictions have been 
realised. We are now acquainted with sub- 
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stances whose rotation is due to asymmetric 
nitrogen, tin, sulphur, selenium, phosphorus, 
silicon, chromium, and cobalt (2), English 
investigators. Pope, Peachey, Smiles, NeviUe 
and Kipping being chiefly concerned with the 
first six elements, while Werner was successful 
in obtaining the active compounds of chromium 
and cobalt. 

Besides these inquiries of fundamental 
importance, the polarimeter was employed 
in a classical piece of research by Wilhelmy 
in 1850. He measured the rate of inversion 
of cane sugar and put forward the first correct 
mathematical treatment of the velocity of a 
chemical reaction. The extraordinary con- 
venience of analysing a solution by optical 
means without altering its composition was 
the motive for employing the instrument. 

Much work has been carried out on rotatory 
dispersion, but the interesting results obtained 
still await theoretical explanation. Technical 
use was made of rotatory dispersion in 1910 
by M. E. Darmois, who found that the propor- 
tions of alpha and beta- Pinene in rectified oil 
of turpentine could be determined by measur- 
ing the rotatory dispersion (3). 

Magnetic rotation of the plane of polarisa- 
tion, discovered by Earaday, was the subject 
of prolonged research by W. H. Perldn, 
senior, who showed that it was a property 
depending mainly on constitution, although 
there, are some additive relationships. 

While the study of rotatory dispersion 
prevented a too narrow interpretation being 
placed on the results -with sodium light, a 
study of the influence of the solvents showed 
that not only the amount but also even the 
sign of the optical rotation could vary when 
the same substance was dissolved in different 
solvents. 

Arising out of this purely scientific work is 
an interesting analjdical method. The quanti- 
tative estimation of benzene in cyclohexane 
is difficult and troublesome, but by taking 
advantage of the fact that benzene is almost 
without influence on the rotation of ethyl 
tartrate, whilst cyclohexane exerts a consider- 
able depressing influence, the proportions 
of the two substances present in a mixture 
may be estimated -within about 3 per cent 
by the simple determination of the rotatory 
power of a mixture -with a fixed proportion 
of the ester (4). 

The influence of the solvent is also clearly 
shown in an important paper by E. H. Carr 
and W. C. Reynolds (5) on the rotatory power 
of alkaloids. They found, inter /alia, that 
hydrastine has a strong dextro -rotation in 
50 per cent alcohol, while it is inactive in. 
95 per cent alcohol, and laevo-rotatory in 
absolute alcohol. These observations suggest 
that indirect determinations of inactive 
substances may often be possible, by measuring 


their influence on the rotation of an admixed 
active substance. It has been known for a 
long while that boric acid and also acetone 
and other substances have a powerful effect 
on the rotation of tartaric acid. Eor the two 
substances mentioned, there are excellent 
chemical methods available •, where this is 
not the case a polarimetric method might well 
be looked for. 

Although a distinction may be broadly 
made between essential oils, which are optic- 
ally active, and mineral and fatty oils, which 
are optically inert, the exceptions are of great 
importance. Castor oil is the only common 
vegetable oil which exhibits a distinct though 
slightly variable rotation. Mineral oils were 
thought for some years to be optically inactive, 
but further study has proved tliat they possess 
a small rotatory power, and this fact has 
supported one of the theories of the origin of 
petroleum. 

The temperature correction may be of 
great importance for the analysis of a mixture, 
thus a mixture of dextrose ( -t- ) and invert 
sugar { -f and - , the latter predominating) 
may be analysed at 87° C., when the rotation 
of invert sugar becomes 0. 

Starches can be determined by the polari- 
meter by Ewen’s method and its later modifica- 
tions ; thus the products of another important 
industry may be controlled by this instrument. 

The relation between concentration and 
specific rotatory power has been determined 
for a number of substances -with a very 
high degree of accuracy, notably cane sugar, 
galatose, cocaine, lactose, maltose, glucose, 
camphor, nicotine. “ Synthetic camphor ” can 
be distinguished from natural camphor, and 
adulteration of inactive oils (such as almost 
all the fatty oils) -with rosin or rosin oil is 
easily detected. 

The left- and right-handed forms of active 
substances, e.g. sugars, can be separated by 
the action of micro-organisms, such as yeast 
and moulds which preferentially destroy one 
of the isomers. The isomers differ also in 
their behaviour with digestive enzymes of the 
animal body. 

The explanation generally adopted is that 
the enzymes of fermentation and digestion 
are themselves asymmetric and attach them- 
selves to one optical isomer, in virtue of spatial 
arrangements which have been compared to 
the fitting of a key in a look. 

“ The first step in what may prove to be an 
inquiry of considerable significance in biology 
is marked by the preparation of d- and Z-forms 
of simple dyes containing an asymmetric 
system. The work has not proceeded far, 
but evidence has already been obtained that 
these optical isomerides are selectively ab- 
sorbed by wool, and the prospect is thus opened 
out that they may ultimately be used in the 
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staining of sections so as to reveal more 
completely the chemical constitutions of 
tissues. This field of research has not been 
explored by the chemist, and there is ample 
scope for future developments of great 
importance ” (6). p. t. 
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Optical Square : a device for deviating a 
ray of. light through 90° irrespective of the 
angle of incidence. See “ Rangefinder, 
Short-base,” § (9). 

Optical Thickness : the product fd, where 
p. is the refractive index and t the thickness 


of a plate of refracting substance. If /z is 
not constant throughout the material the 
optical thickness is the line integral of pdt 
along the path traversed by the light. See 
“ Interferometers, Technical Applications,” 
§(3). 

Optometry : a term sometimes applied to all 
ocular methods of estimating the refraction 
of the eye, but generally confined to instru- 
ments where an adjustment of lenses is 
made by the patient, in order to obtain the 
clear image of . an object, and the result 
recorded on the metric scale. See “ Oph- 
thalmic Optical Apparatus,” § (11). 

Organ, Reed Pipes in the. See “ Sound,” 
§ (32). 

Organ Pipes without Reeds. See “ Sound,” 
§ (33). 

Oxide op Iron : a cause of colour in glass. See 
“ Glass, Chemical Decomposition of,” § (1). 

Oxide op Lead : a constituent of glass. 
See “ Glass, Chemical Decomposition of,” 
§ ( 1 ). 


P 


Parabolic Rbpleotor. See “ Projection 
Apparatus,” § (6). 

And electric search-Ughts. See § (8). 
And electric signalling lamps. See ibid. 

§ (9). 

Used as a headlight for a motor-car. See 
ibid. § (7). 

Parallax (Chromatic) : a parallax effect due 
to the chromatic aberration of the eye. See 
“ Eye,” § (27). 

Paraxial Rays : rays of light comprised 
within a narrow pencil close to the axis of 
an optical system. See “ Microscope, Optics 
of the,” § (3). See also “Optical Calcula- 
tions,” § (5). 

Partial Plash : a term applied to the light 
afforded by a projector when only certain 
parts of the front aperture are seen as of the 
same intrinsic brightness as the source ; 
this term applies also to systems in which 
certain areas of the front aperture are seen 
filled with a “ coloured flash ” due to the 
“ partial flashing ” of certain primary 
colours. See “ Projection Apparatus,” § (3). 

Pelorus or Bearing Plate, description and 
method of use. See “ Navigation and 
Navigational Instruments,” § (17) (ii.). 

Penetrometer : an instrument for measur- 
ing the penetrating power or quality of 
X-rays. See “ Radiology,” § (21). 

Pentane Lamp : a flame standard of 10 
candle-power devised by Vemon-Harcourt. 
See “ Photometry and Illumination,” § (6). 


Perimeter or Sootombtbr : an ophthalmic 
instrument used to measure the field of 
vision from the macula to the peripheral 
parts of the retina, and to plot out the 
portions of the retina which are totally 
or partially atrophied. See “ Ophthalmic 
Optical Apparatus,” § (5). 


PERISCOPES 

§ (1) Prinoiplb oe Periscopes. — As the name 
denotes, periscopes are optical instruments in 
which the general course of the rays, instead 
of being confined approximately to the neigh- 
bourhood of a single straight line, is deflected 
once or more into new directions with the aim 
of giving an observer a view from a position 
in which it is inconvenient to place his head. 
Among the best knovra examples are various 
forms of trench periscope, which consist 
essentially of small telescopes with reflectora 
at the top and bottom, or even of a small tube 
only to which mirrors have been attached at 
each end, so that the ray paths tend to con- 
form to the shape of a crude letter Z. By 
the aid of such an instrument the observer is 
enabled to see what takes place, say, on the far 
side of a parapet behind which he himself is 
protected from bullets. Essentially similar in 
their general aim are the periscopes used on 
submarine boats to take observations above 
the sea while the vessel remains submerged. 
These naval instruments are more complex 
than those used on land, and as they provide 
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good illustrations of all the features which 
are found in periscopes generally, it will be 
convenient to consider the submarine peri- 
scope as the typical instrument of this class. 

§ (2) RBFLECTnsTG SYSTEMS. — Although peri- 
scopes have the bent ray path as their most 
obvious characteristic, optically this feature 
is of no importance. Any refracting telescope 
can be converted into a periscope by the 
insertion of mirrors in suitable positions 
without the necessity for any modification in 
the construction of the lenses. If reflecting 
prisms are substituted for mirrors the necessary 
changes in the system are very slight in char- 
acter, and may be allowed for in the original 
design by supposing symmetrical blocks of 
glass of suitable thickness to be present, as no 
optical difference would then exist between 
the instrument with a straight ray course 
and that in which the light path suffers 
deviations. The reflecting and refracting 
systems are independent also in another sense, 
for though the size and the accuracy of surface 
necessary in the mirrors may vary greatly 
with their positions relative to the lenses, yet 
these positions are unimportant as far as the 
t37pe of imagery yielded by the complete 
instrument is - concerned. For instance, if a 
certain combination of mirrors and a telescope 
produces an upright image of a clock face with 
the hours increasing on a right-handed rotation, 
no image either inverted or with left-handed 
rotation will be produced by transferring the 
whole reflecting system so that it is entirely 
external to the telescope, and either precedes 
or follows it. To decide therefore what mirror 
systems are of value for the construction of 
periscopes, it is only necessary to consider 
whether the telescope to be employed is of the 
inverting or of the erecting type. 

The commonest reflecting system consists 
essentially of two plane reflecting surfaces 
parallel to one another {Fig. 1). Light 
successively reflected at 
these two surfaces 
emerges parallel to its 
original (hrection, being 
merely laterally displaced 
by an amount propor- 
tional to the separation 
of the mirrors and to the 
sine of the angle of in- 
cidence. A clock face 
examined by light re- 
flected from such mirrors 
presents- the same appearance as when viewed 
direct. Such a system of mirrors in conjimc- 
tion with an erecting telescope gives a correct 
view of the scene examined when the observer 
faces the direction of sight. Another simple 
system consists of two plane mirrors at right 
angles to one another {Fig. 2). Since the 
deviation produced in any ray is twice the 


angle between the outward dravm normals to 
the mirrors, the observer must have his back 
towards the direction of sight, and from this it 
follows that an image will appear correct to the 



observer when it is u])right, but inverted left 
for right in space relative to the object. Now 
the two mirrors by themselves, if placed one 
above the other with their lines of intersection 
horizontal, will obviously produce inversion in 
the vertical but not in the horizontal direction i 
Since an inverting telescope inverts in both 
directions, the combination of these two mirrors 
with an inverting telescope will yield images of 
the type required {Fig. 3). If a correct view is 



required with an ereeting telescope when the 
observer has his back to the direction from 
which light reaches the instrument, the re- 
flecting system must be of a t3rpe which returns 
an image of correct appearance to the observer 
when used alone. The best known system 
of this kind consists of three plane mirrors 
mutually at right angles to one another, and 
many others only slightly less simple may 
be devised. A periscope of the reversed vision 
type may therefore be constructed with a plane 
upper mirror deflecting the light downwards 
through an erecting telescope at the lower end 
of which is a “ roof ” prism or two mirrors 
forming a roof, the edge of which is normal 
to the first mirror {Fig. 4). Roof prisms 
would be utilised very widely in optical 
instruments for their valuable properties 
were it not that the high degree of accuracy 
reqtdred in the angle between the two re- 
flecting surfaces to avoid double images 
makes their manufacture very costly. In 
many cases this difficulty can be avoided at 
the cost of compactness by displacing the 
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roof combination laterally, so that the light 
always meets the surfaces in the same order. 
Another case in which a roof combination 



may be used is when an inverting telescope 
is employed with the observer facing the view. 
If the roof prism replace the lower plane 
prism of Fig. 1, the lateral inversion it causes 
compensates the inversion of the telescope 
in the horizontal plane, but the vertical in- 
version is rmcorrected. The substitution at 
the upper end of the 
periscope of two mir- 
rors inclined to one 
another in the vertical 
plane at an angle of 
45° for the single 
mirror is a possible 
method of completing 
the rectification of the 
image {Fig. 5). An 
alternative of much 
PlQ. 6. importance consists in 

. the introduction of an 

inverting isosceles prism. With this com- 
bination an erect image may be secured con- 
veniently whatever the angle between the 
line of sight and the direction of observation 




important that the directions of sight and of 
observation should be identical, and as the 
use of roof reflectors is not free from difficulties 
erecting telescopes become necessary. 

§ (3) Field oe View and Illumination, 
— ^From the point of view of light deflection 
then the periscope offers no new 
problem at all for consideration. 
Optically its special character- 
istic is that, when the extent of 
the field of view required and 
the amount of light necessary 
from each part of the field are 
considered, the instrument is 
of such unusual length that 
special forms of construction 
are essential to enable these 
particular features to be realised 
in an acceptable manner. 

(i.) Simple Periscopes. — Sup- 
pose that a distant view is 
seen through a long tube of 
length I and diameter d. The 
visible field has an angular 
diameter djl if the observer’s 
eye, situated in the position 
marked E in the figures, is 
stationary and the diameter of 
the pupil is small in comparison 
with d {Fig. 7). 
If a lens of dia- 
meter d and focal 


.,a\ 




length IjQ is 
placed in the 
Fia. 6. tube at one-third 

its length from 
the observer’s end, an inverted image of the dis- 
tant view of angular diameter 3d/Z will be seen 
at the principal focus of the lens which is at a 
distance Z/6 from the observer’s eye {Fig. 8). As 



Fig. 7. 


may be. The best known instrument of this 
kind has an upper isosceles right-angled prism, 
a lower roof prism, and an isosceles inverting 
prism placed along the vertical axis of the 


far as the field of view is concerned the eye is 
virtually placed at e, the image of E formed 
by the lens. As exception is taken to a system 
such as the above, which necessitates focussing 



e 

Fig. 8. 


telescope, so mounted that it rotates through 
half the relative displacement of the upper and 
lower prisms. This arrangement is illustrated 
in Fig. 6. 

In submarine periscopes it is considered 


the eye on a fixed near plane, the single lens 
must be replaced by a telescopic system. 
The simplest consists of two single lenses of 
equal focal length with their separation double 
the focal length of either. If these are placed 
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at the ends of the tube the field of view is fall far short of those required in submarine 
the same as for the vacant tube, but the image periscopes, and the inverted image is also 
is inverted {Fig. 9). If the lenses are now objectionable. The addition of further lenses 
reduced in focal length and are appropriately enables both defects to bo removed. 



placed in symmetrical positions in the tube, I A particularly simple form of erecting 


the field can be increased up to four times its telescope consists of three equal lenses simced 


original value when the lens separation is at equal intervals, the separations being three 


{Fig. 10). If the symmetrical arrangement | tirftes the focal length of the individual lenses. 



is abandoned, the most favourable disposition If such a system wore inserted in the tube and 
with two equal lenses is reached when the focal occupied its entire length, the eye would bo 
length is Z/5, the distance of the first Ions from virtually placed a distance P in front of the 
the object end of the tube being 21/5, which tube, and the field of view would be 2dll 



is also the distance between the lenses (Ag. 11), {Fig. 12). As the outer lenses are made to 
The image of the eye is then half-way between approach the central lens and the focal lengths 
the front of the tube and the leading lens, and of aU suitably reduced, the field of view in- 
it is easy to see that a variation of the system creases, reaching the best value Tdjl when the 



in one direction results in a reduction of the separations and the distance from the front, 
field below 6d/l through the failure of the rays of the tube to the first lens aro each 21 jl {Fig. 
required to meet the aperture of the first lens; 13). This is not the only form of telescope 
and a variation in the other direction leads of unit magnifying power which can bo aon- 



to the obstruction of rays between the object 
and the virtual position of the eye by the front 
of the tube. To take an actual example, if 
the tube is thirty feet in length and six inches 
in diameter, the natural field of view is about 
one degree, and the best with two lenses is 
about five degrees. Fields of this magnitude 


struoted of throe equal lenses uniformly spaced, 
for evidently in Figs. 9 to U a third lens of 
any power could be inserted half-way between 
the lenses shown in the plane of the real image 
without disturbing tiro toloscopio character of 
the image. The effect of such a lens is merely 
to alter the extent of the field of view. The 


I 
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insertion of the lens in this system, however, 
does not influence the inversion of the image, 
so that the one system of three lenses presents 
an upright and the other an inverted image. 

(ii.) Six-lens Periscopes . — When a greater 
number of lenses is used there is a choice of 
many different separations when the spacing 
is uniform and the lenses are of equal focal 
length. Consider, for example, a system with 
six lenses. Two telescopes each having three 
lenses if combined will produce a six-lens tele- 
scope Avith an upright image, whether the 
image is upright or inverted with three lenses. 


On the principle of combining two telescopes 
together it is obvious that with twelve lenses 
all these separations would give erect images. 
In addition, with twelve lenses there would be 
six separations resulting in inverting telescopes. 

The five forms of telescope each containiug 
six lenses are illustrated in Figs. 14 to 18 and 
the number of inversions is different in every 
case, the number for each separation being 
given in brackets in the above table. Other 
things being equal, the form in which / is large 
in comparison with t is the most desirable, 
since this implies lenses with slight curvatures. 



Three telescopes of two lenses each will evi- 
dently combine to form an inverting six -lens 
telescope. In addition there are two new 
forms, both inverting, which cannot be divided 
into separate telescopes. Thus, with six 
lenses each of focal length-/ the separations t 
may have the values given in the following 
table : 

Tablb I 


Inverting Telescopes. 

Erecting Telescopes. 

l = (2- ^S)/ (1) 

t=2f (3) 

< = (2-1- VS)/ (6) 

<=/ (2) 

<=3/ (4) 


But it is by no means the case that other 
things are equal, for the systems differ from 
one another in the extent of the field of view, 
in the brightness of the image at the centre 
of the field, and in the way in which the bright- 
ness varies from point to point of the field. 
The system with one inversion, illustrated m 
Fig. 14, is the most desirable as regards the 
curvatures of the lenses, but since the virtual 
eye position is the farthest of the series from the 
leading end of the tube, this form is the least 
satisfactory for the extent.of the field of view. 
The systems with three and five mversions, illus- 
trated in Figs. 16 and 18 respectively, are those 
Avith the largest fields of view, the two being 
on an equality. Not far behind them is the 
system with four inversions shown in Fig. 17. 
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(iii.) Illumination . — ^Iii order to consider 
the illumination at the centre of the field of 
view, the extreme rays of an incident beam 
parallel to the axis are represented in the 
diagrams hy thicker lines than those used to 
indicate the extent of the field of view. The 
systems Avith one, two, and three inversions 
are on an equahty, and transmit to the rear 
of the tube beams of light which on entrance 
and exit completely fill its diameter. When 
the number of inversions is increased to four, 
and still more when there are five, the width 
of the useful axial incident beam is much 
reduced, and the last two forms are not nearly 


transmitted at the extreme angle is now less 
than before. Again, in Ficj. 20 a system 
similar to that shown in Fig. 17, but Avith 
rather longer focal lengths for 'the lenses, has 
been displaced toAvards the eye through a 
distance equal to half the focal length of each 
lens. The field of view is now increased to 
an equality with those of the systems with 
three and five inversions, but, as in these other 
cases, the illumination at the edge of the 
increased field falls to zero. It is clear that 
a much more detailed analysis is necessary 
to determine exactly where the balance of 
advantage falls. 



c 

I'm. 19. 


as satisfactory as those which precede them for 
central illumination. It would thus appear 
that the greatest advantages rest with the form 
shoAvn in Fig. 16, but when the illumination 
in the outer parts of the field of view is 
considered, it is seen that this form has dis- 
tinctly undesirable features. The forms with 
four and five inversions alone show no decided 
change in illumination, as the origin of the beam 
of incident rays departs from the axis of the 
tube, but beyond certain angles the brightness 


§ (4) Thborbtioal Considebation. — T he 
diagrams just considered show that the field 
of view is enlarged by causing any ray of light, 
instead of travelling straight along the tube, 
to be deviated by a series of lenses from side 
to side. The number of lenses to an oscillation 
is arbitrary, and when the number of lenses 
to an oscillation is large, as in Fig. 14, the ray 
path resembles a sine curve. If there are n 
lenses to the telescope, each of power k, the 
separation of successive lenses being t, the 



of the image is diminished through light 
striking the interior of the tube as in the other 
forms. At the extreme angular field the in- 
tensity of the light falls to zero with the forms 
of Figs. 14, 16, and 18, but is finite Avlth the 
remaining forms. 

Figs. 14 to 18 are special oases of their 
kinds, as the extreme rays which determine 
the fields of Anew have been assumed to follow 
paths similar to those of rays which limit the 
axial beam of parallel rays. Other results 
as regards the field of Anew or the variation in 
illumination are obtained by assuming that 
the entire system of lenses is displaced along 
the tube, the eye remaining at the end of the 
tube. It AviU suffice to consider two other 
cases, in which the lenses of the two erecting 
telescopes are displaced towards the eye. 
Fig. 19 represents the same system as Fig. 16, 
but all the lenses have been moved towards 
the eye through a distance equal to half their 
focal length. The field of view is eAudently 
the same as before, but the amount of light 


power of the complete system is derived 
from 

Ki,„ = Ki + K,+ ... 

— 'h fa)^ii • ‘ * 

— /C,(ti -l-<j 4- . . . 

— /Cjia/fa -• Ki(tt "h . . . 

+ KitiKaUKtt + . , 

as is well knoAvn. On putting all the k’s and 
t'B equal to one another, the coefficients depend 
on the numerical value of the sums of continued 
products obtained by divicUng at r - 1 points 
a line whoso length varies from r to n into 
r parts each of a length represented by an 
integer. The result is 


Ki,n=nK 


{n + l)n{n-l) 


4. (n -h 2 ){n + l)n{n ~l){n- 2 )^.,^, 
6! 


+ (-!)’ 


(rH-r)! 


(n-»--l)!(2r + l)l 
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so that the system is telescopic if kI is made 
equal to one of the roots of the equation. 


ri-iy 


(n+r)[ 


(?i-r-l)!(2r + l)l 




and, like the ray path, this equation, if written 
in the form 


a:=0. 

is distinctly reminiscent of circular functions. 
This suggests that the circular functions will 
occur prominently in the theory of systems of 
lenses suitable for the transmission of light 
down a tube of constant diameter, and it is 
readily seen that if the four Gaussian constants 
are suitable circular functions the system may 
have such properties as those found in the 
systems already illustrated. If these constants 
are denoted for brevity by A, B, C, D, where 


A — 


_ 3vi,. 
~ 3/c 


5^'l,n -r\ . _ 3^Ki,n 

9 k„ ’ dKidKn 


the relation BC-AD = 1 suggests cosine ex- 
pressions for B and C and sine expressions for 
A and D. Moreover, the essential equations 
for the combination of two systems are 


Ai,2 = AiB2-t-A2Ci ^ 

Bi, 2 = BjBz ■+ AjD, I 
o.,2=a,d2-i-ca r ■ ' ^ ’ 

D,,2=B,T)2 + C2dJ 

where the quantities are reckoned for a common 
terminal point to the two systems. For the 
distances x, x' from the selected terminal 
points of a pair of conjugate points satisfy 
the relation 

Axx' + Bx' - Ca; - D =0, 


so that 

AiBa-fAaCi = +Ai,o, 

BiBa + AaDi = + Bi,j, 

A. Da-fCiCa =±C,,,, 

B, Da-fC2D,= +D,,a, 

and by considering a special case, such as a 
thin lens in which B2 = Ci = l, A,,2 = Ai-|- A„, 
or a lens in which Aj is gradually increased 
from zero so that A,,, has the same sign as 
Ai, it is .seen that the upper sign must be 
adopted. If now I denotes a length it may be 
supposed that Ai, Bi, Ci are defined by the 
angles a„ /S,, 7,, where 

A B r -C»s(ai-7.) 

I ’ ^ oos^i ’ ' C0S7i 

and it then follows from the identity 
.BC-AD=lthat 


D,: 




{2a) 


cos /3i cos 7, 

If now two systems with the same Z are 
combined the addition equations give 

. sin(a,-l-a2) 

A, ,2 ^ 


+ 


sin a, sin 
Z 


(tan /Ss -f tan 7i), 


cos (a, -h — ^1) 

cos /3i 


cos (a, - /9i) sin aj, , „ ^ 


^ _ cos (a, H-aa -72) 

'-'i.a — 

COS 72 


sina, cos (tta -7.),, 

+ — IJ(tan /32 ■+■ tan 71), 


where x and x' are positive when measured 
from the terminal points in the direction in 
which light travels through the system. 
Thus, in this case, if x and x' refer to a first 
system which is to be combined with a second 
system for which the distances are repre- 
sented by x' and x", the two values obtained 
for x' must be identical, so that 

G iX + D , _ ^ BiX" — Bj 
Aia; -f Bi K^x” - Ca ’ 
or 

(AiBa +AiCi)xx" + (BiBt + A2Di)x'' 

- ( AaDa -)- C,C,)x - (B.Da + C,D,) = 0, 
and. this must be equivalent to 

Ax,iXx" + Bi,aa:" - Ci,2a: - 1),,2 =0. 

Also 

(BiBa-tAaD.KAiDa-t-C.Oa) 

— (AjBa -i- A2 Ci)(BiD2 + C2D1) 
= (BA-A,D2)(B2C,-A2D2) 

•-=1=B.,2C,,2-A,,2D2,2, 


Bj 2 = _ ^ (t ti + Wa - /3i - 7a) 
’ cos |3i cos 7a 


, Z cos (tti - ^a)(COS tta - 7 a), , 


and the combined system has expressions for 
the Gaussian constants of the same form as the 
components if 

tan /9a -p tan 7 j = 0, 
that is, if /3a-l-7i=0. 

The a of the compound system is then the sum 
of the a’s of its components, while its ^ and 7 
are respectively /3i and 7,, that is, the external 
angles associated with its components. More- 
over, if a single lens is considered referred to 
its unit points as terminal points, A is arbitrary, 
B and 0 are both unity, and, if the lens is 
thin, B is zero. Since a cannot be zero without 
making A zero, it follows that for such a lens 

a — /3=^, a — 7=7, 

or I3 = y = la. 
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The preceding equation for A|,o may be in- 
terpreted in terms of each component lens 
referred to its own principal points ; if i is 
the separation of the internal principal points 
of the two components this gives 

sin ( tti -1- a-i) sin a , sin , sin ai sin 

— I — = ^ • "T"’ 


or ( = i!(tan + tan Jtta). 

It follows that in a system of n lenses in which 
the power of the rth lens is 


Kr = - 


sm a,. 

T ’ 


(3) 


and the separation between the rth and (r + l)t]i 
lenses is 

i(r = Z(tan ittr-l-tan . . (4) 


the four Gaussian constants referred to the 
external principal points of the extreme 
components are given by 


where 


A=- 


C = 


I 

cos (g - ^tti) 
cos 

cos (a - -Jan) 


D - _ -ja n) 

cos cos 


a = tti ■+• aa -h 


-i an- 


( 6 ) 


If a is a multiple of ir the system is evidently 
a telescope of unit power, inverting if the 
multiple is odd, erecting if it is even. 

§ (5) Gbomktrioal Theory. — Equations 
(3) and (4) show that the properties of the 
special kind of system which has been considered 
have a parallel m polygons described about a 
circle. If radii are drawn {Fig, 21) making 



with one another successive angles (X|f Ctj) • • «f 
the sides of the polygon which touch the circle 
where these radii meet the circumference will 
represent the lengths of the sections into which 
the lenses divide the periscope if the radius 


of the circle is 1. The focal lengths of the 
lenses are represented by the aides of a rhombus 
having two sides along successive sides of the 
polygon and the centre of the circle as the 
opposite vertex. By constructing polygons 
in this way the properties of any system are 
investigated more simply than by drawing 
detailed diagrams such as Figs. 14 to 20. 

It is ct)nvenient to extend this construction 
and replace the ])olygon by a right prism of 
uniform height. The justification for the use 
to be made of this extension follows from the 
be.st known properties of simple lenses. Re- 
ferring to Fig. 22, let O be a point equidistant 



from two planes wliich intersect in the straight 
hno PP'. Suppose that A is the foot of the 
perpendicular to PP' from 0, and that PA, 
AP' lie each in one of the two planes, OPAP' 
being a rhombus in the plane normal to PP'. 
If the two planes PPP', h''PP' are regarded as 
axial sections of the object space and image 
space for a thin lens with P, P' as its principal 
foci and PP' for its coincident unit pianos, 
any object point is connected to its image 
point by a straight line which passes through 
0. The angle which the planes make with one 
another is immaterial, and if the imago plane 
is rotated about PP' the loous of O is a circle 
described about P as centre. Similarly, if the 
imago plane is fixed and the object plane is 
revolved about PP', O will move along a 
circular path with its centre at F'. If a second 
lens is introduced which meets the first imago 
plane in QQ', the effect of the second refraction 
may be determined through the intermediary 
of the first image plane by projooting through 
a suitable point O' on to a third plane which 
contains the straight lino QQ'. If the second 
plane is kept fixed and the first and third are 
rotated, O and 0' describe ooplanar circles 
when the two lenses have a common axis, and 
under suitable conditions these circles inter- 
sect, and projection from this common centre 
gives all the correspondences that exist. In 
the oases considered here these conditions are 
satisfied, and also further projection from the 
same centre is possible, and the effect of 
many successive refractions may thus bo 
exhibited in this particularly simple way. 
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The height of the prism corresponds to the 
diameter of the tube, that is, to the diameter of 
the lenses, so that the paths of rays may be 
depicted on the surface of the prism. It is 
at once evident that, since projection through 
the centre gives all correspondences after any 
number of refractions, the complete path of 
any ray through the entire system is deter- 
mined by the intersection of a plane through 
the centre of the circle with the prism surface. 
If a plane rotates about an axis through the 
centre parallel to the direction of the object 
space axis, the vridth of the beam which can 
be transmitted is determined by the inter- 


once from the properties of the polygon or 
prism. For example, when the sections are 
the sides of a regular hexagon the focal length 
of each lens is equal to the distance separating 
successive lenses, and when the polygon is an 
equilateral triangle each separation becomes 
equal to three times the focal length. It is, 
of course, unnecessary to assume that all the 
sections or the focal lengths of all the lenses 
are equal. The geometry of the polygon 
shows by itself what relations must subsist 
between the focal lengths and the separations 
for a system which is telescopic of power + 1 
to be secured. In any particular case, when 



Aperture Axis and Planes Field Axis and Planes 

Fia. 23. 


a position for the eye has 
been selected, the extent to 
which the tube may project 
beyond the first lens with- 
out reducing the extent of 
the field is determined by 
producing the side of the 
polygon which corresponds 
to the object space until a 
point is reached as far from 
the field axis as any other 
point on the fundamental 
polygon. The variation in 
brightness as the field is 
changed is determined most 
readily by considering a 


section of the plane with the points on the 
prism surface at the greatest distance from 
the axis. Rotation of a plane about another 
axis determines the field of view, the axis of 
rotation in this case passing through the point 
where it is proposed that the eye shall be placed. 
Since the instrument is assumed to be a 
telescope this point must be on a side of the 
prism parallel to that on which the incident 
light is represented, and the angular field will 
depend upon the angle between the lines in 
which the plane through the centre and the 
eye point meets the plane for incident rays in 
its extreme positions ; these joositions are, 
of course, determined by the requirement that 
the plane must everywhere meet the prism 
surfaces within the hmits set by the prism 
height. It is evident that in practice the axis 
for the aperture and that for the field of view 
will be approximately perpendicxdar. Fig. 23 
shows in perspective the prismatic diagram 
with the extreme planes corresponding to 
Fig. 11. In this simple case the diagram 
shows at once that the separation of the lenses 
must be twice the focal length, that the axes 
for aperture and field of view are preferably 
at right angles, and that the front section of 
the tube may be equal to that of the middle 
section and twice as great as the third section. 

^ In the diagrams corresponding to other 
simple cases the essential relations between 
geometrical magnitudes may be derived at 


movement of the eye point 
parallel to the axis of the prism, so that 
the field axis is inclined to a principal section, 
and finding the extent of the field for the 
displaced eye position. Considered in this 
way it is at once obvious that the greatest 
extent of field is visible only when the eye is 
on the axis of the tube. 

Figs. 24 to 30 show the polygonal diagrams 
corresponding to the six-lens systems of Figs. 



Fig. 24. 


14 to 20. To render the exact’ character of 
the system more evident from the diagrams 
a small separation has been introduced be- 
tween the faces, when these should strictly 
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be represented by coincident lines. In all 
cases but Figs. 26 and 27, corresponding to 
systems 15 and 17, the axes for aperture and 
field of view are perpendicular to one another. 



EiG. 29. 


§ (6) Tttbhs Off Various Diamuturs. — ^T ho 
preceding theories are chiefly of value in con- 
sidering the best arrangement of lenses when 
it is desired to compare alternative systems 
in a tube of given diameter. The actual 
diameter of the tube is of great impoi’tanoo 
apart from the ratio of the diameter to the 
length, since in actual observation the pupil 
of the eye should be approxicpately filled "with 
light, and thus the ratio of the pupil diameter 
to that of the tube enters into the problem. 

The periscope that has been considered may 
be compared with a geometrically similar 
instrument in which the diameter of the tube 
is equal to the diameter of the eye pupil. 
Both have the same field of view, since this 
depends on the ratio the transverse dimensions 
bear to the longitudinal measurements. On 
the other hand, the periscope with the larger 
diameter transmits much more liglit from any 
given object point, the ratio depending on 
the areas of the cross sections of the tubes. 
Some of this will enable the larger tube to 
present to an eye on its axis a large field of 
sensibly uniform illumination, while in the 


smaller instrument the intensity will fall off 
directly the object point departs from the 
axis. Much useless light will, however, be 
transmitted in addition in the larger tele.scope, 
and the instrument can be readily modified in 
a way which enables this unwanted light to bo 
exchanged for an increased field of view, or 
alternatively for a system containing a smaller 
number of lenses for a given length of tube. 
Thus, large diameters are of great assistance 
in yielding simple solutions of the optical 
problems involved in periscope design. On 
the other hand, in nearly all military periscopes 
great importance has been attached to a small 
head which renders the periscope inconspicu- 
ous. In submarine periscopes these two 
conflicting requirements are to some extent 
reconciled by the combination of a short 
narrow head with a long main tube of largo 
diameter. It thus becomes of interest to 
inquire how the dimensions of the system 
vary when a change is made in the aperture 
which the lenses may have. As a result of the 
change of aiiorture the complete instrument 
when telescopic need not bo of unit magnifying 
power, so that the exj^rossions for B and 0 
must bo generalised by the introduction of a 
further arbitrary quantity. Bearing in mind 
that the identity 

BC-AD=1 

has to be satisfied, it is natural to consider 
systems in which the four Gaussian constants 
take the form 

sin a 
I 

p co s (g - lai) 
cos |ai 

cos (a -lam) ' ’ ^ ^ 

p cos 

_1! sin {a -Ja, - \am) 
cos loji cos ' 

so that when the system is telescopic the 
magnifying power is p. Lot these bo the 
constants of a first system to which a second 
is to be added with values V and p' in the iflaoos 
of I and p. The second system referred to the 
terminal point corresponding to the last lens 
of the first system will then have constants 

. _sin a' 

An —y f 

■R - P' (a'' + T!raw) 

* cos \am ’ 

^ QOS { a' -Ittn) 

’ p' cos Jan ' 

j) _ (a' -H jam- Ja„) 

* cos jam cos jan ’ 


A, = 

B, = 

C, = 
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and by ec^uations (1) the Gaussian constants 
of the combination of the two systems are 
given by 

. _sin (a 4-aO 
A., a- 

■R _ P G03 (a + a'-|ai) 

“ cos Jtti 

Q cos (g + g' - sft») 

~ P cos 

]3 _ L sin (g + 

cos cos 

subject to the relations 



the latter of which might have been written 
down at once as obvious from the meaning of 
magnifying power. Consider now a system 
of lenses placed in a tube, of which the first 
portion is of uniform diameter d, a second 
portion in which the diameter increases from 
d to hd, and the third portion of uniform 
diameter led. Let the systems which occupy 
these sections be identified by the numbers 
1, 2, 3 respectively. Since the Z’s are pro- 
portional to the sizes of the images that the 
system forms of any given external objects, 
and these for the same jingular field must 
vary as the diameter of the tube, the values 
which should be inserted in (7) are 

— — . . . ( 8 ) 

in addition to the conditions that the systems 
in the outer sections are of the t 3 rpe used in a 
tube of uniform diameter, that is, 

p,=T, = l. . . . (9) 

Considering now the combination of systems 
1 and 2, equations (7) give as a consequence of 
(8) and (S) 

Za = A:Z,, = i , . (10) 

If the second portion is telescopic this merely 
amounts to the statement that the magnifying 
power of this telescope is Ijk. Appl 3 dng (7) 
now to the complete instrument, which is 
divided into two parts (1, 2) and 3, the first 
equation gives 

531,2^3 =Zi, 3, 

or by (8) and (10) 

. . . ( 11 ) 

This result is of the greatest importance, 
since it shows that if the diameter is increased 
h times, and consequently the focal length of 
the system enlarged in the same ratio, the focal 


lengths of the individual lenses in the enlarged 
portions and their separations will be increased 
times. Thus, if the diameter of the tube 
is halved the lenses must be packed four times 
as closely, and since this means both a greater 
amount of scattered light and increased 
astigmatism or curvature and a more dispersed 
secondary spectrum, the curtailment of the 
length of 'the narrow portion of the periscope 
tube to the minimum possible value is evidently 
of great importance. Fig. 31 illustrates the 
modification, as the diameter changes, in a 
system of the type shown in Fig. 15. 

In actual periscopes the system which 
occupies the section where the enlargement in 
the diameter occurs is not usually a telescope, 
but this is not vital to the argument that has 
been employed, for portions of the systems 
which precede or follow may be arbitrarily 
regarded as parts of the intermediate system. 
It is, however, always possible to regard this 
section as a Galilean telescope, though, in fact, 
no negative lens is employed. The negative 
lens in this case is supposed to be combined 
with a lens of the system in the narrower 
portion of the tube, the two together being 
either equivalent to a positive lens or preferably 
to a single lens of zero power, so that no lens 
is required. In like manner the positive lens 
may be combined with a lens of the other 
system to produce a more powerful lens, but 
this course offers no special advantages. The 
powers and separations of the lenses on 
changing the diameter of the tube then are 
represented by the expressions given in 
Table II., where lens w-1 is the last of the 


Table II 


Powers. 

Separations. 

sin ftm-a 
'■'1 

Z(tan JaOT-a-htan lam-i) 

sin am-i 

jr' ■ 

, / , , A: - cos am\ 

sin am 

\ sin am } 

kl 

kl( . -hA:tanJa,„.n') 

sin ttm+i 

\ Hill am J 

kH 

A:*Z(tan kam+i -i-tan ia^+a) 

sin am+j 


kH 



smaller diameter and lens m the first of the 
larger diameter. The four Gaussian constants 
when lenses m-1, m, m+\ have just been 
included are given in Table III. : 
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m 


Tablk in 


n. 

Ai,n. 


c,,„. 

Pi.n. 


sin ai,TO-i 

co3{a,,ni-i-ia-,) 

COS 

1 sin(a],ni-i — iam-i) 

m— 1 

1 

cos Atti 

cos iam-i 

cos cos 



COB (ai,TO~ 

sin ai,m— ^ sin 

— la,) — cos(ai,n» — ^cti)} 

m 

U 

i:cos 

sin a-m 

cos la, sin a^, 



cos(a,,«,+i — 

Ic 1 ) 

kl sm(ai,n,+, — ia, — |am+i) 

m -I- 1 

Id 

k cos 

cos |am+i 

cos la, cos laTO i-i 


All these values talcs the regular form when 
^=1. 

If more alterations than one have taken 
place, or if a previous portion of the system 
does not belong entirely to a regular system, 
so that p is not unity before the diameter 
of the tube changes, it is only necessary to 
introduce the factors for all preceding changes 


by considering throe circular apertures in the 
object space, one limiting the field which is to 
be visible, another the aperture of the objective 
situated at the instrument (the diameter being 
usually the diameter required for the emei’gent 
pencil multiplied by the magnifying power), 
and the last an aperture, usually situated 
between the other two, which cuts down the 
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into the expressions for the Gaussian constants 
and for the powers and separations of the 
lenses as they have beeir showr to occur in the 
present example. 

§ (7) The Light Pupils. — It might appear 
that a knowledge of the details of the leading 
lens system would be necessary to enable the 
properties suitable for later lenses to be deter- 
mined, and hence necessary also in deciding 
what field of view can be included in a system 
of lenses to be inserted in a given tube when the 
number of lenses is fixed. This, however, is 
not the case, and a general view of what is 
physically attainable with an assigned number 
of lenses under these conditions may be gained 
without paying any regard to the lens system 
by which the result is to bo achieved. To 
make this clear it is desirable to approach 
the problem from a different point of view 
from that hitherto adopted. For this purpose 
it is convenient to regard the problem as it ^ 
will appear to a designer who is asked, without | 
previous experience of periscope design, to 
devise a system to go into a given body and 
transmit light over a certain field of view, the 
TUfl,gnifying power and the size of the central 
emergent pencil being assigned, while the 
illumination should be as uniform as possible, 
and in any case the marginal illumination 
must not be loss than a known fraction of that 
at the centre. 

These conditions are most simply represented 


31. 

areas of marginal pencils without affecting 
those at the centre of the field. Alternatively 
corresponding conditions may ho given for the 
image space. The three apertures determine 
a region of space containing all the useful light 
rays, and the instrument should havo its 
optical elements of such sizes and in such 
positions that no ray which does not cross the 
boundary of this space is obstructed in its 
passage from the object through the instru- 
ment to the observer’s eye. It is assumed 
that the apertures are circles lying in planes 
normal to the axis of symmetry of the instru- 
ment, and that their magnitudes and positions 
are luiown for either the object space or the 
imago space. In the illustrations to be given 
it will bo assumed that the various lenses 
between the objective and the eye lens may 
be permitted to have an aperture not exceeding 
a common value d. The modification neces- 
sary when the maximum aperture varies 
from lens to Ions will bo obvious. 

Suppose, then, that the boundary to the 
channel containing the rays to ho transmitted 
by the instrument is defined by means of three 
circular apertures whioh are met by a plane 
through the axis in P, P' ; R, R' ; S, S' 
(Fig. 32). The section of the boundary by 
this plane is the convex hexagon RSP'R'S'P, 
the sides SP' and S'P passing through infinity. 
The image of this hexagon formed by any 
part of the optical system of the instrument 
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\vill likewise be a convex hexagon, and this 
image will determine the channel for the 
refracted rays. After every refraction there 
is necessarily some 

M part of the bound- 
ary which extends 
to infinity, and this 
may correspond to 
any assigned normal 
fiG. 32. section of the 

original channel. 
Only that 2 >art of the boundary which lies 
between successive lenses is of interest from the 
present point of view. These various segments 
pieced together and regarded as a whole con- 
stitute repeated outlines of the whole hexagon, 
which always presents its convex side to the 
axis, but the outline has an additional angle 
Avherever a lens is encountered. At such 
places one section ends and another begins, 
and the angle at their junction is opposite in 
sign to the angles of the hexagon if the lens 
is positive. Lenses are introduced wherever 
necessary to bend back the boundary of the 
channel from encroaching over the prescribed 
bounds. 

Fig. 33 illustrates the effects that may be 
produced by successive refractions, the cross 
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lines representing lenses. The various points 
of the original hexagon are identified by the 
same letters in their refracted images. The 
only limit to the amount of the initial hexagon 
that may be imaged between successive lenses 
arises from the fact that a pair of opposite 
sides of the hexagon always extend to infinity, 
and it is not possible in consequence to image 
one haff of the outline on one side of the 
boundary within a single cell of the body. 

The separation between the lenses limiting 
a given cell is readily foimd. Suppose that 
the lenses meet the boundary in planes 
corresponding to AA' and BB' of Fig, 32. If 
each of the transverse lines AA' and BB' has 
its image of diameter d, the transverse magnifi- 
cations are djAA.' and d/BB'. By a well- 
known elementary theorem the longitudinal 
magnification will be the product 

d d 
AA' ’ BF’ 

and the separation of the lenses will thus be 
. ab 

AA ' . BB" 

where o and b are the axial points of the planes 


AA' and BB'. The total length between the 
extreme lenses after any number of refractions 
is found by adding together the lengths corre- 
sponding to the successive intervals. The 
law already derived from different considera- 
tions, that this length will be proportional to 
the square of the diameter of the tube and to 
the number of lenses, and inversely propor- 
tional to the diameters of the field of view 
and of the external aperture of the system, at 
once follows. 

§ (8) Stakdarb Cases, (i.) General Spacing. 
— ^Particular cases which require special 
attention occur when the lenses occupy posi- 
tions corresponding to the limiting apertures 
PP', HR', SS'. If a lens is placed at every 
aperture image the greatest length is attained 
when the hexagon is developed into a straight 
line, so that the rays occupy the whole avail- 
able space within the body of the instrument. 
The length reached is given by the sum 

( 72 / ^ pr rs 

\ SS' . P'P P'P . R'R R'R . S'S 

■’'S'S . PP'^PP'. RR'"^ • • •/’ 

where it is assumed that SS' corresponds to 
the position of the first lens. All the terms 
in this sum necessarily have the same sign, 
as changes of sign take place simultaneously 
in the numerator and the denominator. 
Several alternative arrangements suggest 
themselves. Suppose, for instance, that a 
lens is placed at the image of every alternate 
aperture only. The length is then 

.d4-^ + 

ISS'.R'R^R'R.PP' 

■'■pFTSS''’’ ■ • ■}’ 

the terms having exactly the same values as 
before but differing in order. If in these cases 
the total number of lenses is a multiple of 
three the lengths of the two instruments will 
be exactly equal. 

As another example, suppose there were no 
field lenses, so that no lens is placed at any 
image of the aperture PP'. The sum is now 

ISS'. R'R^R'R. SS' 

'’■S'S.RR''*’ • ■ 

every term being equal to one of the terms in 
(12). . The other apertures may be treated in 
the same way, and it is evident that the first 
and second methods of construction will not 
give either the longest or the most compact 
instruments if the values of the individual 
terms differ. The estimation of the relative 
values of the terms is thus interesting, and this 
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can be done by a very simple construction. 
Let pS and Ps meet RR' in t and u respectively 
{Fig. 34). 



The relative values are in the ratios of the 
products 

ps . RR' : pr . SS' : rs . PP', 


that is, of the triangles 

pRs : pSr : rPs, 

which are equal to the triangles 
pRs ; pts ; pus, 

which are in the ratio of their heights 
Rr : : ur. 


The length (12) may therefore be written 


. ps 


PP', 


r.{ 


, ir ur , tr 
^■’■Rr‘*'Rr'''^^Rr 


a straight line and the lengths of the first 
and third cells will be equal. If the edge 
illumination is increased, the length of this 
cell is diminished, and if the illumination 
falls, the length may be increased. When 
the width of the marginal beam is greater than 
half the central width, it will evidently be 
possible to attain a greater length per lens 
when lenses at images of RR' and SS' do not 
immediately succeed one another. 

(u.) Uniform Spacing . — The case when all 
three cells are of equal length is a convenient 
one to take as a standard of reference, and 
systems of this type possess great flexibility. 
It is always possible to attain a given stand- 
ard extent of field with a standard aperture 
and the distribution of illumination charac- 
teristic of the type with any given number 
of cells. The length per cell thus gives 
complete information about such systems. 
This may be illustrated by the following 
examples. The cells begin with the first 
objective, indicated by S, and end with 
the formation of a real upright image of 
the object, denoted by P. If the system 
ended -with P' the final image would be 
inverted. 


Table IV 


J;To. of Cells. 

Lens Positions. 

Remarks. 

2 

S, R', P 

Not divisible into separate tele- 

3 

S, P', S', P 

scopes. 

Not divisible into separate tele- 

3 

S, P', R', P 

scopes. 

Not divisible into separate tele- 

3 

S, R', S', P 

scopes. 

No field lens. 

4 

S, P', R', S', P 


6 

S, R', P, S, R', P 

Not divisible into separate tele- 

6 

15 solutions 

scopes. 

A lens coincides \vith at least 

7 

35 solutions 

one image of each stop. 

At least two lenses ooinoide with 



images of each stop. 


PP' and SS' may be taken 
to represent the actual object 
and the entrance pupil, so 
that the factor outside the 
bracket will be known. The 
greatest attainable length of 
any cell not bounded at an 
image of the aperture which 
cuts down the marginal fight 
has then a definite value. 

The next term gives the 
length of a cell bounded by 
an image of the field and of 
the intermediate stop. As ps 
may be always considered 
large in comparison with rs, 
the utmost that can be done is to make 
this cell equal in length to the previous one, 
by making the diameter of the intermediate 
stop image of the same size as the entrance 
pupil. This involves an immediate fall in 
the fight intensity as soon as the object 
departs from the axis. The length of the 
third cell, which is bounded by images of 
the intermediate stop and of the entrance 
pupil, depends upon the relative illumina- 
tion at the edge and at the centre of the 
field of view. If the width of the marginal 
beam in the axial plane of symmetry is 
half that of the central beam, PRs will be 


In general with 2n inversions and p cells the 
number of solutions is 

p! 

(fin -p-2)l {2p + 2- fin) !’ 

where p may have any value from 3n - 1 to 
fin -2. 

It does not foUow that because several 
solutions enable the same length of body to 
bo obtained with the same number of lenses 
that these are all equally desirable. Other 
things being equally satisfactory, the solution 
preferred will be that which involves the use 
of the least powerful lenses. It should be 
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immediately evident that the omission to 
place a lens where an image of a certain aper- 
ture is formed will involve increases in the 
powers of the lenses at the two neighbouring 
images, since the deviations at the margins 
of these lenses must be greater. The failure, 
therefore, to fill completely the space available 
for the rays will be associated with increased 
lens powers, and consequently with greater 
trouble due to secondary colour effects and 
increased curvature of field. To determine 
how serious these defects are likely to be, the 
powers of the lenses are required. There is no 
need to consider the refracted Ught to determine 
these powers, but attention may be directed 
as before to the object space hexagon. If, for 
example, successive lenses are to be located 
at images of PP', ER', SS', the lens at the 
image of RE' is required to deviate the image 
of RS into alignment with the preceding 
image of PR. Now the angular magnification 
at any plane is inversely proportional to the 
linear magnification, and the angular deviation 
is equal to the product of the lens power and 
the distance from the axis at which refraction 
takes place. It at once follows that the power 
of the lens required is (RR'/d)® times the 
power of the lens which would produce the 
corresponding effect in the object space 
boundary. This is in reality the same result 
that has already been reached regarding the 
length of the instrument, since the focal 
lengths of the lenses evidently bear a fixed 
relation to the lengths of the cells, but it 
serves to show how great is the advantage 
from every point of view in making the 
diameter of the body as great as possible. 
Various expressions are easily found for the 
power of the lens necessary at RR'. Let this 
be denoted by ^{d/RR')^, so that k is the power 
of the lens required in the instrument. The 
deviation at R is then ^(icd®/RR'), and the 
area of the triangle PRS by various expres- 
sions leads to the equations, when inclinations 
to the axis are assumed to be small, 

. pr . rs = 2^R .pa . . (16) 

=PP' . rs -t- RR' . sp -f SS' . pr, . (17) 

where p is the point of intersection of Rr and 
PS. Equation (17) itself shows the result 
reached above in a different way that is 
unaltered by refraction. For it may be re- 
written in the form 

rs , , W 

, RR' . SS' SS' . PP' ^ PP' . RR" ' 

Jr ’ 

PP'.RR'' RR'.SS' 

and each term on the right is invariant on 
refraction. The expressions of this type for 
the powers of the lenses at images of PP', 


RR', and SS' when no images are without 
lenses are evidently 

— gg/ EE' • 'SP + SS' . j or-fP'P.r s 
~ rs .sp 

— p/p SS' . pr + P'P . rs + R'R . sp 
~~ sp .pr 

^^'"'PES ~ ^‘“'^P'E'S' 

= PP / EP' . rs + RR' . sp + SS' . pr 
pr . rs 

where all the factors are considered with due 
regard to sign. In each numerator two terms 
have one sign and the third the opposite sign, 
in each case giving rise to a positive k. In 
the standard case the terms are aU equal, and 
the focal length of each lens is equal to the 
length of a cell. This is readily seen geo- 
metrically by considering the intercepts on the 
third aperture by the fine forming the boundary 
between the other tw'o. 

The cases in which an image of an aperture 
is without a lens may be treated by analogy 
with (18), 





showing that in the standard case the omission 
of a lens requires the power of each neighbour- 
ing lens to be doubled. Again, if a lens is 
omitted on each side of a given lens expressions 
are obtained corresponding to (18), but with 
every term of the same sign, so that in the 
standard case the power of the lens is three 
times its previous value. The expressions are 


^“'^PSE' ~ ^’'‘■p's'E 

_ gg/ EE' . sr H- SS' . rp + R'R . ps 
~ rs .sp 

^*%'PS = ^*%P'S' 

pp, R'R . ps -f PP' . sr + SS' . rp (20) 
sp.pr 

^"'‘’SE'P ~ 

— R'R ^^" ' ^ ‘ ^ 

pr .rs j 
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By considering the various cases that may 
arise it is seen that the effect of omitting to 
place a lens at an aperture image is to con- 
tribute for this vacant aperture twice the 
normal contribution to the sum of the powers 
of the lenses, assuming that the standard case 
is under consideration. If account is taken 
of a final field lens but not of an eye lens, with 
2/1 inversions and p cells the sum of the 
powers will be proportional to 12/i-p-3. 
In this respect all arrangements which involve 
the same number of lenses and the same 
number of inversions are on an equality in 
the standard case. 

In the general case the increase in power 
associated with the omission of a lens at an 
image of P is 

(SS' . pr -f PT . rs -f- B^R . spy 

. pr . rs . sp ’ ^ ' 

the term in the bracket being that in the 
numerator of the fraction in the second of 
equations (18). The corresponding expressions 
for other cases are easily written down. The 
sum of the additions incurred by each separate 
omission gives the total addition to be made 
to the sum of the powers. 

A convenient expression for the increment 
in power in terms of the lengths of the cells is 


where k is the power of the lens which it is 
proposed bo omit, Ij and are the lengths of 
the cells on either side, and Zg is the length 
of the combined cell when the omission is 
made. The three lengths Z^, Zg, Zg are t^ose 
considered earlier in this discussion when 
the length attainable by a periscope was 
investigated. 

It is evident that when weight is attached 
both to the attainment of great length and to 
a minimum value of the power sum, the most 
favourable type of construction is that which 
has been generally adopted for submarine 
periscopes, with a lens at every image of the 
three apertures. 

. (iii.) Advantage of Non-uniform Spacing . — 
In investigating the attainment of great 
length attention was directed to each cell as a 
separate element. It has still to be considered 
whether, when the conditions permit of it, any 
advantage will be gained by deliberately 
introducing inequalities in the lengths of the 
three cells. Suppose the lengths of the cells 
exceed the mean value L by amounts Xj, Xg, Xg, 
where Xi-|-X2-t-X3=0. From (18) 

Zfl -j- Z 3 Zi 

U, ’ 

with symmetrical expressions for and /cg, so 
that 


A'l + X, -f- /Ca 


3 

L' 


3L^-2(Xx’‘ + X3°-bX3‘‘ ) 

— JL(Xi* •+- Xa’’ + Xa”) -(- X1X2X3 


Xi'-t-Xo^-l-Xa* 

2L>-L(X,» + X2“+Xa“) 


approximately, 


showing that inequalities In length tend to 
reduce the aberrations which depend on the 
sum of the powers. In this respect the standard 
form is the least satisfactory solution of its 
class, but the advantage to be gained by uneven 
spacing is small, since it is a second order 
effect. For instance, if the lengths are in the 
ratios 2:3:4, the reduction in the power sum 
is slightly more than 4 per cent. 

§ (9) Separation of Image and Field 
Lenses. — It has hitherto been assumed that 
the lenses will be placed in the planes at which 
aperture images are formed. In the case of 
field lenses exact coincidence with the image 
is generally undesirable, and the effect of 
placing the lenses in other planes requires 
consideration. Obviously the sizes of the 
lenses are determined by the sections of the 
channel to which their positions correspond. 
Suppose in Fig. 32 the planes AA' and BB' are 
proposed as lens planes. The relation between 
transverse and longitudinal magnitudes is 

AA' . pr = PP' . ar -h RR' . pa. 


and thus if the apertures PP', RR', SS' relate 
to a standard form, 

d* 

AA' . SS' . pr = (ar .ps-^-pa. rs) j 
d> 

= 08 .pr. -j, 


showing that a cell bounded by AA' and SS' 
■will be of standard length. Similarly 

PP'.BB' = p6. y, 
and combining the two oases, 

AA' . BB' . ps =pb . 05 . y. 


Thus if Z' is the length of the cell bounded by 
AA' and BB', 

V _ab . ps 
I pb . as 

or IfX 

I pb . as’ 

showing that if two successive lenses are not 
in planes corresponding to the angular points 
of the hexagon the length of the cell they bound 
is reduced. 

§ (10) Completion of the Instrument. — 
The theory developed in the foregoing sections 
suffices to enable the special problem presented 
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by the submarine periscope to be solved 
without difficulty in any given ease. When 
the instrument has only a single magnifying 
power the arrangement of lenses for the main 
part of the tube may first be investigated, the 
objective may be arranged to fit in with this 
system, and finally the eyepiece be added to 
secure a suitable power. The problems here 
involved do not differ essentially from those 
presented by any simple telescope. 

§ (11) Bi-focal Instktjments. — Though 
very great importance is attached in sub- 
marine periscopes to the attainment of a very 
wide field at a low power, it is also advantage- 
ous to be able at will to substitute a higher 
magnifying power with a correspondingly 
smaller field of view. In small telescopes 
{q.v.) this is usually secured by the use of a 
variable power eyepiece, but for a submarine 
periscope this method of changing the power 
is unsatisfactory. It has to be remembered 
that the brightness of the image is a factor of 
outstanding importance whether the power- is 
high or low, and therefore at the high power 
it is necessary for the pupil to be filled with 
light. If the diameter of the eye pupil for 
which the instrument is designed is e and the 
apparent field of view is 0, the minimum 
diameter of the beam of light which must be 
•carried through the instrument is moe and 
the minimum angular field of view to be 
carried to the eyepiece is where is 

the magnifying power for the low power and 
wij for the high power. The duty to be per- 
formed by the main part of the instrument is 
thus represented approximately by 
eQjn, 

mj 

when a variable power eyepiece is used. On 
the other hand, when the power is changed 
by varying the objective the corresponding 
expression is efi whatever m may be. As m„ 
is usually about four times it follows that 
the results attainable with a variable power 
objective are approximately four times as good 
as can be obtained from a variable power 
eyepiece. 

As with a telescope, it is essential that the 
change of power shall not necessitate any 
change m the adjustment for focussing the 
eyepiece on the image. Accordingly, when 
the power has been changed the image formed 
by the objective must remain in the same 
plane as it originally occupied ; the consequent 
portions of the system will then transmit the 
light under conditions exactly similar for both 
powers. The discussion of variable power 
eyepieces ^ shows that a continuous variation 
of power without a change of image position 
is possible if two lenses move suitably relatively 
to the rest of the system. Arrangements of 
1 See “ Eyepieces.” 


this kind are considered unsuitable in sub- 
marine periscopes, for they not only involve 
a considerable enlargement of the outer tube 
■for the accommodation of the necessary 
mechanism where it is particularly desired 
to reduce its diameter as much as pos- 
sible, but also the Likelihood of their failure 
to act through distortion or slight damage 
to the periscope renders their introduc- 
tion distinctly undesirable in so vital an 
instrument. 

The exclusion of these systems which give 
a continuous variation of power implies that 
the objective is rapidly exchanged for another 
of different focal length, the object under 
examination being momentarily obscured 
while the change is being effected. This 
change has been secured in a variety of ways. 
In an instrument due to Messrs. Ross, separate 
fixed objectives are used for the high and the 
low powers, and one or the other is obscured 
by shutters. This arrangement involves a 
slight loss of light at the high power, since a 
reflecting prism has to be slightly cut away 
to allow the low power beam to pass. A 
design by Messrs. Zeiss makes use of the fact 
that with any lens the separation of the object 
and the image is the same whether the magni- 
fication is m or Ijm. Thus, if the ratio of the 
two magnifying powers is 4:1, values for 
m of 2 and \ would be selected ; if the moving 
lens is of focal length / and a preliminary 
lens presents to it as an object an image 
distant about 4-f, this second lens will form an 
image twice the size at a distance of approxi- 
mately 3/ (I’tff- 35). If now the second lens is 



moved a distance 4/ further away from the 
first lens, the resulting second image will be 
half the size of the first or one-quarter the size 
of the original second image, but its position 
in the instrument will be unchanged. The 
movement of a single lens along a tube in this 
way is not open to the same objections as in 
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the more complicated movements of the vari- 
able power eyepiece type. The chief objection 
to this system is that unless the instrument 
can be corrected for aberration when this lens 
is of symmetrical construction the lens should, 
in addition to its translation, be reversed on 
moving between its two positions. 

An entirely different system is one due to 
Sir Howard Grubb {Fig. 36). In this case two 



objectives are mounted in the same frame 
which slides in front of the entrance wiMow, 
so that either lens may receive the light. 
One of these lenses acts as an objective alone 
for one power. For the other power the second 
lens occupies the position of the first, the 
frame being moved parallel to the tube axis 
through the distance separating the lens 
centres. It is evidently necessary that this 
lens shall differ in power from the first and 
that another lens shall be introduced into the 
system, in order that the power shall be dif- 
ferent and the image in the same position. 
In the arrangement used this supplementary 
lens moves about a hinge near one side of the 
tube, and lies close to the tube when the single 
objective is used, but turns through a right 
angle into the optical system when the second 
power is employed. By a simple but ingenious 
mechanism a single movement effects both 
changes. If ty is the separation of the lenses 
when the double objective is used, and is 
the distance from the second of these lenses to 
the image, so that ty-^rt^ is with sufficient 
approximation the distance from the single 
objective to the image plane, the powers of the 
lenses must be for the single objective 

1 

ii + it 


and for the double objective 


m m ~ 1 


m- 1 


Ki~ 


VI 



giving a power for the combination of 


A particularly attractive means of changing 
the power is that introduced by Messrs. Goerz 
{Fig. 37), in which use is made of the fact 
that an objective composed of a positive and 
a negative lens well separated from one 
another have their principal i)lanes very un- 
symmotrically situated. Under suitable con- 
ditions the mid-point of the actual lens system 
may approximately coincide with the point 
midway between the object and imago pianos 
when the magnification differs appreciably from 
unity. The system is thus a special caao of 
the one utilised by Messrs. Zeiss, but the 
translation is converted into a rotation. The 
arrangement actually adopted is to use two 
pairs of positive and negative lenses mounted 
as a whole with two right-angled doftect- 
ing prisms. This complete block is rotated 



through two right angles about an axis normal 
both to the vertical tube axis and to the 
horizontal axis of the incident light. The use 
of two separate objective systems may be 
due to difficulties in connection with the 
removal of aberrations. This system must 
be preceded by a fixed negative lens to yield 
a virtual image at the same distance from 
the axis of revolution as the first imago 
formed in the periscope tube. If t is the 
separation between the lenses and d is 
the distance of both object and imago from 
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the nearest lens, the system is determined 
from 

1 1+OT 

mt ’ 

1 1 +m 

+ — ’ 

f / 1\1 

where m of course is negative. 

The most usual powers of bi-focal periscopes 
are and 6, the former rather than power 1 
giving an impression equivalent to a naked- 
eye view when the apparent field of view is 
limited. The value adopted for-e is usually 
about 6 mm. and the apparent field may 
exceed 60°. In a 25-ft. periscope the narrow 
portion may be 4 ft. in length, and the external 
diameters a^I be approximately 6 in. and 2^ in. 
for the main and top tubes respectively. 

§ (12) Sky - SEARCHING Periscope. — The 
earlier periscopes provided only for a view 
towards the horizon, and all light entered 
through a fixed window in the side of the tube. 
It became necessary at a later date to provide 
in addition means for searching the sky from 
the horizon to beyond the zenith. The angle 
here involved is too great to make it practicable 
to include the whole in a system with a fixed 
axis. Apart from this, since the definition is 
only at its best near the axis, it is necessary 
to be able to secure at will a horizontal direc- 
tion for the axis. A movable reflector accord- 
ingly became necessary at the head of the 
instrument, and the most satisfactory arrange- 
ment consists of two isosceles prisms silvered 
on their bases, which are cemented together 
into a frame with their bases parallel (^ig. 38). 




When the base is parallel to the axis of the 
instrument an axial beam of light continues 
in the same direction after reflection, and, 
as the inclination of the base to the tube axis 
is altered by rotation about an axis per- 
pendicular to the length of the tube, the 
deviation of the light is altered by twice this 
amount. The use of two prisms mounted in 
this way gives more equal illumination for 
prisms which can rotate within a given space 


than is possible when only a single prism is 
used. The window through which light first 
enters the instrument, and which is chiefly 
provided to prevent the entrance of water into 
the periscope, is in this case inclined to the 
axis of the instrument at about 45° instead of 
being parallel thereto as in earlier instruments. 
Supplementary systems of prisms may be used 
to secure more advantageous use of incoming 
light. 

§ (13) Miscellaneous. — The foregoing 
description is confined to the optical systems 
which have been actually emj)loyed in peri- 
scopes. A great variety of interesting in- 
struments have been designed, offering, for 
instance, panoramic views of the whole 
horizon arranged in a circular view with an 
enlarged direct view in the middle, but it is 
impossible in a single article to attemiit to 
describe them. Actual periscopes also must 
be provided with much auxiliary equipment 
in order to remain serviceable under the con- 
ditions of use. In some cases, they are from 
time to time filled with dry compressed air 
to render the ingress of water more difficult 
and to prevent the deposition of moisture on 
any internal surface when the temperature 
of the sea is low. The discussion of all 
these necessary but non - optical auxiliary 
features has not been attempted in this 
article. 

§ (14) Illustrations oe Modern Peri- 
scopes. — It will be of interest to add some 
illustrations of recent periscopes showing the 
actual appearance of the two ends of the 
instruments. Exhaustive illustration of the 
many variations is impossible, but those that 
are given here will serve not only to give an 
idea of the appearance of the instruments in 
actual use, but will also indicate in a few 
directions the developments of which the 
periscope is susceptible. These illustrations 
are from photographs of periscopes made by 
Messrs. Barr & Stroud, by whose courtesy it 
has been possible to include the illustrations 
and descriptions of this and the following 
sections. Incidentally the principle of the 
arrangement for securing two magnifying 
powers which this firm has adopted, and which 
difiers from those illustrated in § (11), is shown 
diagrammaticaUy in Fig. 42. 

It is not practicable within the limits of 
space imposed by the pages of this dictionary 
to show either a general outline of ordinary 
periscopes or illustrations of the internal 
mechanism. It may, however, be said that 
the length of submarine periscopes varies from 
very short instruments for night use which do 
not greatly exceed 3 metres in length to instru- 
ments reaching 15 metres or more in length. 
In many of the recent instruments the reduc- 
tion in the diameter of the top section, which 
in early instruments was a very pronounced 
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feature, has been much more slight or even 
entirely absent. The reason for this is that the 
instruments are used in a different way. In 
approaching the object of attack the small- 
topped periscopes were kept for some consider- 
able time above the surface of the sea. Though 
the periscope itself might escape observation, it 
was found that the presence of the submarine 
was detectable through the track it made in 
the water when used in this way. The more 
general method now is to elevate the periscope 
above the surface at intervals for a few seconds 
only at a time. Under these conditions, even 
with a thick top, the periscope usually runs 
little risk of being seen, and the surface dis- 
turbance created when this method of operation 
is adopted resembles very closely the normal 
surface irregularities, and so is of no assistance 
in detecting the approach of an enemy. The 
possibility of using the thicker head with lenses 
of larger diameter is of very special importance 
for very long periscopes, since it is in these 
instruments that the loss of light duo to the 
large number of leases becomes most serious, 
and the narrowness of the smallest section is 
the chief factor, as has been shown earlier, in 
increasing the number of lenses thq,t are 
necessary. The raising and lowering of the 
periscope is usually performed by hydraulic 
or electrical power. 

The material of which the main tubes are 
made is of much importance. A perisoopo 
made of ordinary steel would inevitably be 
strongly magnetic, and would affect the re- 
liability of the indications of a magnetic compass 
in a quite intolerable way. The alternatives 
are to use a bronze or a non-magnetio steel. 
In the early periscopes a bronze tube was 
employed, but later this was replaced by a 
special nickel steel. At the best, however, 
tubes of the latter material are somewhat 
magnetic, and in addition they are slightly 
corroded by the action of sea-water. This 
corrosion is of more importance than might at 
first sight appear since it may cause the tube to 
work stiffly in the long gland where it pierces 
the hull of the boat, and so cause difficulty in 
manipulation. In both of those respects a 
better material is available, and Messrs. Barr 
& Stroud prefer to utilise Immadium bronze. 
This is completely non-magnetio and possesses 
remarkable powers of resisting corrosion in sea- 
water, its surface retaining its original polish 
after prolonged immersion. Needless to say, 
it possesses the mechanical qualities necessary 
in a material which must withstand very 
severe stresses without any considerable 
deflection. 

Fig. 39 shows a photograph of the upper end 
of a periscope of the sky-searching type. The 
glass which comes in contact with the water 
is a window with flat surfaces. Inside may 
be seen the prism by the rotation of which 


about a horizontal axis the direction of sight 
may be varied from the zenith to below the 
horizon, according to the principle illustrated 
in Fig. 38. 

The lower end of the periscope is illustrated 



in Fig. 40. The handles are used to rotate the 
instrument about its axis, and so enable the 
lino of sight to bo directed to any j^art of 
the horizon as required. The bearing of any 



Fig. 40. 


object to which the periscope is directed may be 
read on the scale seen in the upper part of this 
figure. When the instrument is not in use the 
handles may bo folded into a vertical position 
out of the way. The eyepiece, surrounded by 
a rubber eye-guard, is soon between anil slightly 
above the handles. The kind of view obtained 
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on. looking into the eyepiece is shown in Fig, 41. 
In focus together with the image of distant 
external objects, the graduations of vertical 
and horizontal scales are seen. These corre- 
spond to suitable angular intervals by means of 
which the apparent sizes of objects may be 
more accurately estimated. The need for' such 
measurements will be fully realised when the 
more precise measuring devices described below 
are considered. 

Inset in the top of the field of view, so as to 
be visible without taking the eye from the eye- 
piece, is a view of a portion of the bearings 
scale. This is obtained by the introduction of 
a small auxiliary prismatic telescope. 

In addition to reading the bearing, it is 
obviously of importance that any desired 
object should be readily brought to the centre 



Fig. 41. 


of the field under the conditions in which it can 
be best seen, without the observer being under 
the necessity of removing his eye from the 
eyepiece. This evidently - involves suitable 
control over the angle of elevation of the line 
of sight in addition to its bearing, and ability 
to adjust the focus, and in special cases to 
interpose or remove rapidly suitably coloured 
screens. In this particular perisoopd'the top 
pri^ may be adjusted for elevation as required 
by rotating one of the bearing handles about 
its axis, and the focussing adjustment and the 
light filters are controlled by means of the two 
milled heads seen projecting from the bottom 
of the periscope in Fig. 40. It will be recog- 
nised that all these controls are placed very 
conveniently for the observer. The coloured 
glasses are placed within the tube and lie' close 
to the eye lens. The focussing is effected by 
changing the position in the tube of a movable 
lens. The principles on which the optical 


system is constructed are shown in Fig. 42, 
which is necessarily diagrammatic and not to 
scale. The eyepiece consists of lenses M and N, 
of which the former is cemented to the lower 
prism L to reduce the number of glass to air 
surfaces, and thus to obviate an avoidable loss 
in the amount of light transmitted by the 
instrument. Focussing is accomplished by 
movement along the axis of the collector lens K. 
This lens, together 
with the eyepiece and 
the objective H, forms A 

an astronomical tele- 
scope. To transmit a 
sufficient quantity of 
fight down the length 
of the periscope and 
secure a suitable field 
of view, this lower 
telescope is preceded 
by another astro- 
nomical telescope com- 
posed of three lenses 
E, F, G. Of these E 
corresponds to the 
eyepiece, F is a field 
lens, and G may be 
regarded as the 
objective. Considered 
in this way this tele- 
scope produces an 
angular magnification 
measured by the ratio 
of the focal lengths of 
lenses G and E. If E 
is regarded as the 
objective and G as the 
eye lens, the way this 
telescope is actually 
used, it appears to 
diminish objects 
viewed through it. 

The combination of 
the two telescopes of 
course is itself a tele- 
scope, and as EFG 
produces an inverted 
image, and this is 
subsequently rein- 
verted when viewed 
through the second telescope HKMN, the 
combination yields an upright image. To 
make the system suitable for use as a 
periscope it is only necessary to insert an 
upper prism B, and before this to place 
a plane surfaced window A to prevent the 
ingress of water into the instrument. This, 
in fact, constitutes a high - power telescope, 
the magnifying power being usually 6 with a 
field of view of 10°. A lower power is obtained 
by the very simple device of introducing a 
reversed Galilean telescope in front of the high- 
power system. The negative lens of this 
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telescope is marked C and the positive D. 
When the high power is wanted these are swung 
to one side of the tube as at and The 
Galilean telescope is ordinarily constructed to 
be of magnifying power 4 when used alone as a 
telescope, with C as the eye lens and D as the 
object glass. As used in the periscope the 
magnifying power is thus making the power 
for the complete low-power system The 
field of view is increased in the reciprocal ratio, 
and is thus approximately 40°. The diagram 
illustrates the passage of a central and of an 
oblique beam of rays through the low-power 
system, and the reduction of the area of the 
oblique beam in comparison with the central 
beam is clearly seen. This reduction may not 



Fig. 43. ■ 

be carried beyond the point at which the 
difference in intensities at the centre and 
margin becomes apparent to the eye when the 
change takes place continuously from centre 
to margin. 

When the high-power system is substituted 
the paths of the rays between D and N are not 
affected, but in the upper portion of the 
instrument the paths are modified and may be 
found by tracing back the paths between D 
and E. The variation in the illumination from 
centre to margin is substantially the same for 
both powers, for this depends chiefly on the 
separation of the two objectives G and H. 

' The change of power is effected by rotating one 
of the training handles shown in Fig. 40 ; the 
other, as has been mentioned, is used to change 
the elevation of the line of sight. In general 


the low-power telescope is employed, and a 
change is only made to the high power when it 
is desired to observe an object, that has been 
sighted, more minutely than is possible with the 
low power. By using the low power, which 
embraces an angular area sixteen times as great 
as the high power, large regions can bo observed 
much more rapidly than with the high power 
with its smaller field of view. 

As has been mentioned, it is necessary from 
time to time to dry the air within the periscope. 
For this purpose a desiccating chamber is 
provided in which the damp air from tho 
bottom of the periscope is dried by passing over 
calcium chloride prior to being forced by a 
pump to the top of the instrument. The 
connections to the desiccator are made at tho 
back of tho lower end of the periscope as shown 
in Fig. 43. When the desiccator is not in use 
the inlet and outlet arc protected by water- 
tight plugs. 

§ (15) RaNOU, CotTKSK, AND SpEKD MEASURE- 
MENTS. — The periscope as described above 
fulfils functions equivalent to the look-out, 
with or without the aid of a telescope, on a 
surface craft. Tho surface vessel in addition 
makes use of a number of other optical instru- 
ments, such as gun-sights and range-finders. 
Any corresponding instruments for tho sub- 
marine must assume a porisoopic character, 
and as tho power of making accurate measure- 
ments is as important for tho undor-wator as 
for the above-water ship, it is natural to find 
that attempts have boon made to obtain such, 
measurements, in spite of tho special diflioultios 
inseparable from the peculiar conditions of 
observation from a submerged boat. 

For finding the distance of a visible object, 
one of the simplest methods is to measure tho 
angle it subtends when tho dimensions of the 
object are known. Tho graticule seen in Fig. 
41, tho divisions of which have known values, 
enables an approximate value of the range to 
be found. The method can be increased in 
accuracy by using a variable wedge to produce 
a double image by. placing it in front of a 
portion of tho beam. A convenient arrange- 
ment is one in which the wedges are annular 
in form, as shown in Fig, 44. When tho 
thickest portion of one wedge is superposed on 
the thinnest portion of the other and vice versa, 
the two are equivalent to a plane shoot of glass 
if of equal angle, and the images formed by 
light which has traversed tho wedges are not 
displaced to one side of those formed by tho 
central portion of the pencil. If one prism is 
rotated in one direction and the other turned 
through an equal angle in the other direction, 
the outer rays will be displaced in the plane 
perpendicular to that originally containing tho 
lines of greatest slope, and this displacement 
receives its maximum value when each prism 
has been turned through one right angle, tho 
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position illustrated in Fig. 44. Up to this value periscope as the line fixed in space for this 
the separation of the images may be of any purpose, as the errors caused by movements 
desired amount. If the lines of greatest slope of the submarine and of the periscope itself 
now correspond to the vertical plane the two may be considerable. Messrs. Barr & Stroud 
images will be above one another, as shown in 



Fig. 45, and if the height of the smoke-stack 
above the water-line of the .vessel sighted is 
known, a setting can be made and the range 
read with considerable accuracy from the scale 
attached to the prisms. If now the two prisms 
are rotated together through a right angle 
horizontal measurements may be made, as in 




have overcome this difficulty by projecting 
into the field of view the image of a line which 
is controlled in direction by a small spring- 
driven gyrostat attached to the lower end of 
the periscope. Fig. 47 illustrates an instru- 


Fig. 46. As the apparent length of a vessel 
depends upon her course relative to the direc- 
tion from her to the submarine, it is evident 
that when both the height and the length of the 
vessel are Icnown the former is a suitable basis 
for the determination of her range, and the 
latter for finding her course when the range 
is known. 

In addition to these particulars it is evidently 
of importance to find the speed of the vessel 
under observation. The time taken by the 
vessel to cross any fixed fine in space is the time 
she takes to travel her own len^h, and thus if 
her length is known and the time taken to cross 
any fixed line is observed her speed can be 
determined. It is not satisfactory to take the 
projection of a line fixed relatively to the 



ment fitted with this device, the handle seen 
at the bottom serving to start the gyro. The 
system employed is shown diagrammatically 
in Fig. 48. A is the gyro pivoted on the 
bracket N, and B is the mark controlled by it. 
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the image of which serves for the line fixed in 
space. It is illuminated by the lamp C, and 
the light is introduced into the field of view by 
means of the prism D and the transparent 
reflector F. By means of the lens E, which 
must be arranged to give the proper magnifica- 



tion to the movement of the image of B as seen 
in the periscope, the mark appears focussed at 
Gr in coincidence with the images of external 
objects. The bracket carrying the gyro and 
the whole optical system are, of course, 
rigidly attached to the periscope. 

When more precise range measurements than 
are possible on the principles utilised in the 
instruments just described are desired it be- 



Fiq. 49. 


comes necessary to derive distances by observ- 
ing the difference in direction from two stations 
on the submarine at a Imown distance from one 
another. Either the coincidence or the stereo- 
scopic principle may be used to make settings 
as in ordinary range-finders {q.v,), and in the 


former case the base may be either horizontal, as 
with instruments used on land, or vortical, the 
arrangement which the shape of an ordinary 
periscope suggests as the more convenient. All 
these alternatives have been embodied in peri- 
scope range-finders. Fig. 49 shows the upper 
part of a vertical base range-finder, in which the 
two entrance windows, the separation between 
which is the base from whioh the measurements 
aro made, may easily be recognised. The lower 
end is shown in Fig. 50, the handle on the right 
serving to effect coincidence, and the range 
scale being sho^vn to the right of the eyepiece. 
The appearance of the field of view before 



coincidence has boon offoefcod is shown in Fig. 
51. Tho view soon through the lower window 
is brought to tho central rectangular strip, and 

surrounded by that from tho upper -window. 
An important advantage of tho vortical base is 
that coincidonco can bo oflootod in spite of 
movements of tho imago due to tho roll of tho 
submarine, provided this is not so groat as to 
cause tho imago to disappear entirely from tho 
field of view. 

The vortical base is not free from a number 
of objections, and to avoid those a horizontal 
base must be used. Tho difficulties caused by 
tho rolling of tho ship are overcome by special 
features in this range-finder whioh enable tho 
image to bo kept in the centre of tho field of 
view. Fig. 62 shows the lower end of such a 
range-finder having a base of length 2-7 metros 
and a vertical length of 6 metros. This in- 
strument is intended to be operated by two 
observers, and is fitted with a number of special 
devices for increasing tho rapidity by whioh 
ranges can be transmitted. The magnification 
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is 20, and the accuracy under good conditions 
of seeing is 24 metres at 5000 metres, and 1 


on the left being available when required for 
taking direct readings on the range scale. In 


addition there is on the other side a periscope 
eyepiece for a separate trainer. The main 
periscope tube thus contains two separate 
periscopic systems, one for the range-finder 
and one for the trainer periscope. 

Fig. 53 illustrates another horizontal base 
instrument, and gives a general idea of the 


Pig. 53, 

appearance of a complete instrument of the 
type. In this case the stereoscopic principle is 
employed, and the two eyepieces are clearly 
seen in the illustration. q, «, 


Petzval’s Condition eoe Flatness oe the 
■ Field oe an Optical Instkhment. See 
“ Telescope,” § (3) ; also “ Optical Calcula- 
tions,” § (16). 

Phantom Ring. See “ Navigation and Navi- 
gational Instruments,” § (14). 

Phonodeik, Miller’s : an apparatus for the 
demonstration and photography of sound 
curves. See “ Sound,” § (60). 

PHONOGRAPH AND GRAMOPHONE, THE 

§ (1) Historical. — The first mechanical re- 
production of sound was effected by Edison 
in 1877. He wrapped a sheet of tinfoil round 
a cylinder and obtained a trace upon it of 
the movement of a diaphragm by a point 
which produced a scratch of var3dng depth 
as the cylinder was rotated. On allowing 
the point to travel a second time over the 
same groove the sound was reproduced, though, 
of course, very imperfectly. A horn was 
used in reproducing in order to intensify the 


Fig. 51. 


metre at 1000 metres. Of the two eyepieces 
seen, the right is that of the range-finder, that 
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sound. In order that the tinfoil might be j 
more easily indented by the recording point 
the cylinder had a groove under the foil 
•where the trace was to be made. It was 
also mounted on a long screw so that the 
record was formed on a helix. Edison further 
suggested that the record might be made upon 
a flat disc and that both sides might be used. 

In a later machine the recording style was 
short and was carried at the end of a spring, 
which was connected to the thin metallic 
membrane by two rubber buttons, which 
transmitted the vibrations of the membrane 
and at the same time damped the natural 
vibrations of the spring. 

Edison himself dropped the phonograph 
as the result was so poor. It was Graham 
Bell, together 'with Chichester Bell and C. 
Tainter, who as the Volta Company went 
on with the idea. It was they who substituted 
solid wax for the tinfoil or waxed paper, and 
who cut away the wax -with a sharp sapphire 
point instead of indenting it, and later used 
a chisel-end to produce a flat bottom to the 
groove. They, however, dissolved in 1885, and 
then Edison, going on from where they left 
off, made a successful machine and created 
the boom. The pitch of the screw was made 
much finer to increase the number of revolu- 
tions that could be made before reaching the 
end of the cylinder. Later the wax cylinders 
were made thin strengthened with riba, the 
mandril on which they fltted was made taper, 
and they were driven by clockwork. Also the 
cylinders had no traversing movement, but 
the diaphragm was moved along by a screw 
as the cylinder rotated, The diaphragms 
were made of glass and had the stylus attached 
to them directly. Among other interesting 
devices, Edison, instead of black-leading the 
master wax cylinder, covered it with a film of 
gold by passing an electric current through 
a gold wire in vacuo, using this film to make 
the wax conducting. 

The chief drawbacks of these instruments 
were the rapid deterioration of the records 
due to their soft material, and the amount of 
space required for their storage : moreover, 
the groove could only move the diaphragm in 
one direction — upwards — the reverse motion 
had to be produced by the spring of the 
diaphragm itself. Thus it had to press some- 
what heavily upon the wax to enable it to 
follow the rapid vibrations of speech. 

§ (2) The Phonograph Recorder. — ^These 
defects were largely overcome by making 
the record a transverse one, that is to say, 
one in which the groove, instead of varying 
in depth, is sinuous with approximately uni- 
form width and depth ; thus if a needle-point 
is placed in the groove, it will be moved to 
and fro sideways, the whole movement being 
imparted by the groove itself. The needle 


lies in a plane parallel to that of the diaphragm 
producing the sound — not perpendicular to it 
as in the phonograph ; it is pivoted about its 
middle point, and while one end lies in the 



groove the other is connected to the centre of 
the diaphragm (see Fig. 3). 

When obtaining a record the singer (or 
instrument) faces the mouth of a large horn 
LN, Fig. 1, which is suspended by a string 
M at the mouth and is connected at the small 
end by a swrivelling tube to the recording 
box R._ This box is nearly counterpoised 
by a weight P. The box R with its con- 
nections is carried by an arm which can be 
traversed along a slide C by a screw 8. The 
disc of wax upon which the record is to bo 
taken is mounted on a turn-table V and 
rotated uniformly by a clockwork usually 
driven by a weight and connected through 
the bevel wheels B with the screw S. In 
this way the stylus cuts a spiral groove on 
the wax. 

The stylus CD, Fig. 2, is brazed to the rod 
AB and strengthened by a rod EF. This little 
framework is pivoted at A and 
B, so as to rook about AB 
(which is parallel to the plane 
of the diaphragm) as axis. C is 
connected by a short vire to 
the centre of the diaphragm, 
which is of glass or mica, and 
to which it is cemented with 
wax ; the end D is hardened 
and sharpened and cuts the 
trace on the wax disc. This disc is made of 
a mixture of waxes — ozokerite 2 parts and 
paraffin wax 1 part — or of a soap composed 
of stearic acid, caustic soda, and aluminium- 
hydrate mixed with ceresine or Japan wax; 
it must out cleanly and not be too soft por 
too brittle it is warmed either as a whole 
in an oven or locally (by an electric current) 
while it is being cut. The wax disc is next 
black-leaded and an electrotype made from 
it. This electrotype (or a copy of it) is 
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used to form the records. The records them- 
selves are made of a composition of an inert 
powder and cotton fluff, with shellac or some 
similar material as a binder. The exact 
formulae used for the wax discs and the records 
are naturally kept secret by the manufacturers. 
After the composition for the records has been 
well mixed in the powdered form, it is rolled 
between hot rollers into sheets, cut into suit- 
able-sized pieces, and pressed between the 
heated electros above described. The records 
so made are in the form of circular discs, 
usually either 10 or 12 inches in diameter, 
with a spiral trace having about four turns 
to the mm., commencing about 1 cm. from 
the edge and ending about 5 to 7 cm. from 
the centre. 

§ (3) The Reprodttcee. — The reproducer or 
“ speaker ” is very similar in principle to the 
recorder. Instead of a sharp stylus, a rounded 
needlepoint slides in the groove on the record, 
with which it makes an angle of about 60°. 
This is hinged on a pair of V’s against which 
it is held by two springs, so that it rotates 
through a very small angle about an axis, 
parallel to the plane of the diaphragm {Fig. 3) ; 

the other end is connected to 
the centre of the diaphragm 
by a small screw and a touch 
of wax. This diaphragm is 
usually of mica, it has a 
diameter of 4-5 to 6 cm., and 
is mounted between rubber 
lings called “ gaskets ” to 
prevent it from rattling, to 
damp its vibrations, and yet 
to allow it to move freely. 
Some diaphragms are made of 
glass, and it has been claimed that zirconium is 
a valuable ingredient in this glass. Others are 
of silk or other flexible material with a cork 
or card disc in the centre. The diaphragm 
forms the front of a short cylindrical box of 
magnalium or similar metal ; the box has a 
metal tube in the face opposite to the 
diaphragm. This tube is inserted in the end 
of a pivoted conical tube called the “ tone- 
arm,” which terminates at its larger end in 
the beginning of the horn. The hom used 
to be a bell-shaped metal one, but it- is now 
usually made of thin wood of rectangular 
section. It is found to give the best results 
if the passage from the sound-box to the horn 
has smooth bends everywhere. There is no 
mechanism required to cause the sound-box 
to follow the groove as in the phonograph, 
for if the tone-arm is freely suspended the 
groove itself is a sufficient guide. In order, 
however, that the needle may foUow the groove 
easily it is obvious that it should always lie in 
a plane tangential to the groove. But as this 
latter is a spiral of varying diameter this can 
only be approximately achieved. Let P, Q, R 



be points on this spiral of which Q is on the 
middle ring, draw a tangent at Q, and with 
a point 0 on it as centre strike an arc of a 
circle, cutting the inner and outer rings of 
the spiral at P and R ; it is obvious that OP 
and OR cannot be tangents at P and B. A 
better result is obtained by taking 0 on a line 
making about 14° with the tangent as at 
in Fig. 4. This circle will cut the spiral at 



points P' and R', at which tangents will make 
angles which are approximately the same 
with the lines OP' and OR' ; thus by setting 
the plane of the diaphragm at 14° with the 
line joining the centre of rotation of the 
tone-arm to the point of the needle, the 
latter will remain more nearly tangential to 
the groove throughout the reproduction. 

It is very important that the angular 
velocity of the cylinder, both in making the 
record and in reproducing it, shall be kept 
perfectly uniform, or the pitch will be affected. 
The linear velocity varies of course according 
to the diameter of the spiral, but as this varia- 
tion of speed is the same in the reproduction as 
it was in the original recording, the resultant 
pitch is unaffected provided the angular velocity 
is constant. The linear velocity varies from 
about 120 cm. a second at the circumference 
to 40 cm. a second at the middle. By a 
recent invention the linear velocity is reduced 
to a uniform one of about 40 cm. a second — 
both in recording and reproducing the record — 
and thus the length of the record that can be 
made on a disc is greatly increased ; the 
scratching noise is also said to be reduced by 
the dimiuption of the velocity. 

Although the records are sufficiently good 
to afford a fair rendering of a musical com- 
position or song, and so to give pleasure, they 
are far from perfect. The defects most 
commonly met with and the most difficult 
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to eliminate arc (i.) a. scratching noise, which 
is especially noticeable in the more delicate 
pieces ; (ii. ) an unpleasant and very obvious 
nasal tone, due no doubt to the horn; (iii.) 
a loss of many of the consonants in speech ; 
(iv.) an inequality of rendering of the soloist 
and the accompaniment, due, of course, to the 
soloist being stationed immediately in front 
of the horn while the accompaniment is to 
one side. 

In 1904 Parsons exhibited to the Royal 
Society a reproducer in which the needle, 
instead of being comrectod to a diaphragm, 
actuated a grid which covered a series of 
slots in a box, and thus opened and closed 
these slots. Compressed air was supj)lied 
to the box and issued from the slots into a 
horn when the slots were opened. Thus 
the record controlled the escape of air and 
produced in it variations which gave a power- 
ful and yet good rendering of the record, 
comparatively free from scratch. Prom this 
has developed the Auxetophone and the 
Stentorphone. 

The movement of the diai^hragm of the 
recorder has also been used, generally with 
the aid of a mirror, to deflect a beam of light 
which was passing through an aperture on 
to a photographic film, and so to vary its 
intensity (Rankine increased the sensitive- 
ness by projectmg the image of one grid upon 
another grid) ; this photographic trace was 
afterwards used to control the light falling 
upon a selenium cell ; the resultant varying 
current was passed through a telephone. A 
great number of attem]5ts have been made 
to use some form of this method for the 
simultaneous recording of siDoeoh upon a 
cinematograph film, but so far without much 


Phorometrio Instruments : a type of 
subjective ophthalmic instruments used to 
deal with the measurement of ocular 
muscular want of balance and the 
muscular exorcises for its correction. See 
“ Ophthalmic Optical Apparatus,” § (3). 

Phot : the unit of illumination on the C.G.S. 
system, equal to 1 lumen j^er square 
centimetre, or 10,000 lux. See “ Photo- 
metry and Illumination,” § (2). 

Photo-oeramio Methods of Gratiottle 
Production. See “ Graticules.” 

Photo-eeeotrio Geld : an instrument in 
which the Hallwachs effect is employed 
to measure light. See “ Photometry and 
Illumination,” § (34). 

Photo -ELECTRIC Effect, application of quan- 
tum theory to. See “ Quantum Theory,” 
§( 2 ). 


Photo-electric; Patio ue : the fall in sensi- 
tivity, with age, of a photo-electric cell. See 
“ Photometry and Illumination,” § (34). 

Photo - electric Method of Speotro - 
photometry : the method depending on 
the use of photo-electric cells. See “ Spectro- 
photometry,” § (15). 

PHOTOGRAPHIC APPARATUS 

§ (1) Introductory. — The ordinary process 
for the production of a monochrome jneture 
of any object by means of photography con- 
sists of two operations — firstly, the making 
of a “ negative,” and secondly, that of the 
corresponding “positive.” 

The negative is a record of the form of the 
object expressed, as all monochrome pictures 
are expressed, in terms of gradations of light 
and shade, consequent on the exposure of a 
sensitive smlace, composed of particles of a 
silver halide, to an imago of the object in the 
camera, the changes induced in the sensitive 
substance being afterwards completed by the 
chemical process termed development. The 
positive or print in its simplest form is made 
by exposing to the action of light a similar 
sensitive surface under the negative, when 
there results, after development, a picture, 
the light and shade of which corresponds — 
within the limitations of the process — to that 
of the original object. 

The sensitive substance now most generally 
employed for the purpose of making photo- 
graphic records in the camera is silver bromide 
or bromo-iodide emulsified in gelatine. This 
emulsion is coated upon glass or celluloid 
and dried, and the coated plates or films 
come into commerce as “ photographic dry 
plates ” or “ films ” as the case may be. It 
is proposed in this section to consider the 
instruments, other than lensos,’^ by means of 
which photographs are made, and, in the 
main, those which are used for the production 
of negatives. 

A photographic camera in its simplest form 
is a liglit tight, rectangular box terminating 
in two flat ends which are parallel. In the 
centre of one end there is pierced a very small 
aperture, the pinhole, which is then covered 
by a simple shield that is readily removable. 
If there now bo placed inside the box (under 
suitable “ safe ” illumination), at the end 
opposite the aperture, a sensitive plate, all 
that is necessary for the production of a 
photograph has been provided. If the box be 
placed upon a rigid support in front of a well- 
illuminated object, on uncovering the aperture 
an image will be formed upon the plate. If 
exposure to this image be made for a sufficient 
length of time — if the conditions are suitable 

See “ Photograplilc Lenses. ” 
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the period 'vvill not be unduly long — ^the plate 
Avill yield upon development a negative image 
of the object. 

It is assumed often that satisfactory 
photographs cannot be made by the use of a 
“ pinhole ” in place of a lens, but this is not 
correct, and well - constructed pinholes are 
sometimes used on modem cameras for sub- 
jects where brief exposures are not necessary. 
Provided that the aperture be properly made 
and its diameter in relation to the plate ; 
distance fulfils the req^uirements of the optical 
theory governing the formation of pinhole 
images, little objection can be taken, so far 
as “ definition ” of the image is concerned, 
to photographs of still life, architecture, and 
landscapes, when meant for pictorial purposes, 
more especially if the photographs are fairly 
large in size. The interest of the “ pinhole ” 
is, however, mainly theoretical, and in practical 
everyday photography of different kinds, lenses 
are used for the formation of images in the 
camera. 

It would be foreign to the purpose of this 
section to discuss the apparatus specially 
designed for the purpose of employing light 
sensitive materials as recorders in investiga- 
tions in different branches of science and 
technology, for the apparatus varies greatly 
according to the nature of the inquiry which 
is to be made, and is generally peculiar to the 
particular research. Much laboratory ap- 
paratus is of standard type and is applicable 
to wide fields of endeavour, as for example 
the camera in conjunction with the telescope, 
the spectroscope, and the microscope, and 
in these respects other sections' should be 
consulted. 

In many instances photographic apparatus 
is employed to record the behaviour of photo- 
graphic material itself, as when the spectrum 
camera is used to ascertain the distribution 
of spectral sensitiveness in a dry plate or other 
sensitive surface, or the camera shows the 
appearance under the microscope of the silver 
bromide grains in a gelatino -bromide emulsion, 
and thus provides a permanent picture of 
certain aspects of its physical state. 

As weU as being an aid to a large and 
increasing degree in a number of branches 
of scientific and technical research, it should 
not be overlooked that photography of itself 
is an important industry — either alone or in 
conjunction with other crafts — utilising some 
of the finest products of optical, chemical, and 
mechanical skill. With its growth there has 
come speciahsation, and each branch has 
evolved forms of construction to meet its 
own needs. No one camera will meet con- 
veniently all the requirements in the many 
activities of modem photography. In view 
of the specialisation ordained by these require- 

* See "Telescope,” "Microscope, Optics of the.” 


ments, it seems desirable that the essentials 
for an ordinary camera in its simple form 
should be stated. Cameras are essentially 
chambers for the purpose of exposing sensitive 
plates to the action of luminous images formed 
by optical means. Disregarding for the 
moment the precise mechanical form of the 
construction, a camera of simple type as used 
in ordinary photography consists of a support 
for the lens (the “ front ”), used to form the 
image of the object; another support (the 
“ back ”) for the movable receptacle (the dark 
slide), usually employed for holding the 
sensitive plate, and a device (the “ bellows ”) 
for preventing any light reaching the plate 
other than that which forms the image, the 
distance between the “ front ” and the “ back ” 
being adjustable, while pai’allefism is main- 
tained. To enable the image to be examined 
and adjustment made, a screen of ground 
glass (“focussing screen”) is arranged in a 
movable frame in the back. To permit these 
adjustments to be made, certain devices for 
movements in the “ back ” (reversing frame 
and SAving-backs) and in the “ front ” (“ rising 
and falling ” and sometimes sliding and 
cross-fronts) are provided. During exposure 
the sensitive plate in its receptacle occupies 
the position previously held by the screen 
and therefore receives a similar image. The 
camera is supported upon a stand, by means of 
which its position relative to the object is 
adjusted and maintained. 

The most important items of photographic 
apparatus, excluding lenses ^ and correction 
and colour filters,® are 

Cameras, 

Finders, plate-holders, and changers. 

Exposing shutters. 

Stands, 

Enlargers, 

and in ever}^ division there are differences in 
type and a great variety of jaatterns following 
the types. 

§ (2) Cambhas. — Discarding arbitrary dis- 
tinctions as far as possible, and for the purpose 
of description, cameras may be classified as 
follows : 

fitand Cameras. 

Field or portable. 

Studio. 

Copying (including cameras specially designed 
for photo-mechanical photography). 

Kinematograph. 

Hand Cameras. 

Plate or “ cut film.” 

Rollable film. 

Aerial Cameras. 


’ See " Photographic Lenses.” 
“ See “ Light Filters.” 
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This differentiation should not bo taken to mean ■ 
that in no case can a camera designed specially for 
one purpose be used for another. In some eases 
there are limitations, but not necessarily exclusions. 

A field camera, for example, could be used in the 
portrait studio, but it would not be so suitable for 
many reasons as the studio type. Even though the 
design of the field camera were good it lacks “ stiff- 
ness ” (due mainly to reduced material) and, in 
consequence, would be strained by the constant • 
stress of the lens suitable for portraiture in the 
studio, which, being of considerable focal length 
and largo aperture, is relatively heavy to the lenses 
used normally on a camera of the field typo. The 
swing-backs on the field camera would not be so 
convenient for rapid manipulation as those on a good 
studio camera, and the field camera lacks certain 
desirable accessorie.s as, for example, the repeating 
back. The studio camera of high grade is a heavy 
rigid instrument of considerable bulk, necessitating 
a strong stand of a different pattern to the portable 
camera — and it cannot be folded for transport. It 
would in consequence be extremely inconvenient “ in 
the field.” 

(i.) Field or Portable Cameras . — ^Two cameras 
of the original patterns of this class are shown 
in Figs. 1-4. Figs. 1-2 represent the “ square 
bellows, heavy-form,” and Figs. 3-4 the 



“ conical bellows, light - form,” instrument. 
The “ heavy -form ” camera of the best makers 
is still practically the same as when introduced. 
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but the “ light form ” has undergone several 
modifications with the object of reducing 
weight and bulk. The cameras following 
these forms differ mainly with respect to their 


focussing arrangement, which is the governing 
factor. In the “ heavy form ” the back is 
movable and the front is fixed, the side of the 


Reversing Back 


Back 


Clamping Screw 


Front 



Swing back Pivot 
and Side Swing Guide 


Fig. 3. 

bellows being parallel, whilst in the “ light 
form ” the front is movable and the back 
stationary, the bellows taking the form of a 



Fig. 4. 


rectangular cone, and this construction per- 
mits greater compactness when the camera is 
folded. 

The front and back of the camera should 
move to and fro parallel to each other, and 
this is provided for in the construction, the 
movement being generally effected by means 
of a rack and pinion. The “ extension ” 
should preferably be not less than twice the 
length of the diagonal of the largest size of 
plate that the camera is made to take. In 
many cameras greater extensions are possible, 
but the cameras used in that state under field 
conditions are never so rigid as when more 
closed, and in some “ light -form ” instruments 
are unrehable even before the limit of the 
extension is reached. The normal position 
for the lens is opposite to the centre of the 
plate ; the prolongation of its axis should meet 
the plate centre and be perpendicular to its 
surface. In practice variations are necessary. 
To give the required movement in a vertical 
direction a panel (rising and falling front) 
fits into a groove in the fixed front, and to 
this the lens is attached, and by this device 
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movement up and down is readily effected. 
Th.e rise should be greater than the fall. In 
the camera shown in Fig. 1, 8^ x 6J, the rise 
is 2 in. and the fall 1 in., and in Fig. 4, 12 x 10, 
3 in. and IJ in. respectively. To secure a 
lateral movement (sliding or cross -front) 
another panel is fitted to the vertical front, 
and to this the lens is attached. The rising 
and falling front is a necessary adjunct, but 
the sliding front is much less important and 
may be eliminated without serious incon- 
venience. Movements of the lens made by 
means of the cross - fronts are equivalent in 
effect to lateral movements of the plate in 
the opposite directions. To effect movements 
of the plate would mean an impracticable 
cornplication. The front in a “ light-form ” 
camera is usually brass strutted to secure 
rigidity, a quite necessary provision in the 
larger sizes. Where more than one lens is 
used the front should be pierced to take the 
flange of the larger, and the smaller is fitted 
when required by means of a brass adapting 
ring. 

When the front of the camera is set back 
to permit the use of lenses of short focal 
distance the conical bellows tends to crowd 
to the back and so cut oS image from the 
margins of the plate. This drawback is 
prevented by providing “ tapes ” on the sides 
of the bellows, by means of which external 
connection is made to the front, and the bellows 
are thus drawn forward. Photographic dry- 
platea are rectangular and are made to standard 
sizes, and with one exception (lantern slide 
plates, British SJ x 3J in.) have dimensions 
longer on one of their sides than on the other. 
To meet this condition cameras are inade with 
the backs square and are fitted with a remov- 
able frame carrying an inner (generally hinged) 
frame bearing a focussing screen equal in 
size to the largest size plate that the camera 
is made to take. The outer frame or reversing 
back being square and removable, it may be 
placed in the back with either dimension 
vertical or horizontal at will. 

The receptacle (dark slide) for the sensitive 
plate replaces the focussing screen frame, 
which is turned out of the way and generally 
folds over the slide when in position. 

Another movement of importance is the 
swing-back system, by means of which the 
plate can be tilted in a horizontal or a vertical 
direction. The swings in the camera shown 
in Fig. 3 take place from the hinges which 
attach the back to the base. In Fig. 2 the 
back is in two parts. The rear portion — ^to 
which the bellows is attached — draws out and 
swings from the centre on attachments to the 
fixed part. The vertical swing-back is used 
to correct distortion of perpendiculars due to 
camera tilt. Both swings are used, where 
necessary, as an aid in focussing. 


Several changes have taken place in the 
early “_Ught-form” camera. The solid 
baseboard has been reduced as much as 
practicable, the central portion being cut away, 
and in its ifiace there is now fitted a light 
combined tripod head and turn-table. This 
eliminates the loose head which usually 
accompanies the tripod. The front is smaller 
and lighter and is arranged so that it can be 
swung. The rising panel remains, but the 
whole front (which carries the bellows) can 
be raised. This means that a greater rise 
can’ be obtained without interference by the 
bellows. A distinct improvement resulted 
from the addition of back-extension focussing. 
When the image is small in proportion to the 
object it is immaterial for all ordinary purposes 
whether the front or the back moves for 
focussing, but where the image is large, as 
when objects near to the lens are to be photo- 
graphed, more particularly when the image is 
to be made to a predetermined size, front 
focussing is impracticable, and such cameras 
can only be used by a device which practically 
makes them back - focussing instruments. 
The duplex system is therefore a great advan- 
tage, and it moreover permits the use of 
lenses of short focal length to obtain pictures 
embracing wide angles. 

The result of these changes has been to 
reduce considerably the weight and bulk 
of the camera, but it is proper to observe 
that such instruments are only reliable when 
their design is united with the best possible 
workmanship. 

Cameras of the “ heavy ” tjqpe in modem 
use are exemphfied by the “ Premier ” 
(Watson) and the “ Square Bellows ” (Ross), 
and of the “ light ” type by the “ Acme ” 



Fig. 5. 


(Watson), the “ Century Field ” (Ross), and 
the “ Sanderson,” Fig. 5 (Houghton). 

No departure of moment beyond those indicated 
has been made in portable - stand cameras during 
recent years, and it is probable that the patterns will 
persist. The high pitch of development reached 
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by tho best forms of modem hand camera has caused 
these instruments to satisfy the requiromonts of 
some of the most exacting workers. The tendency 
since tho introduction of the high-class anastigmat 
lens has been to make negatives of small size, and to 
etilarge the pictures when required, a tendency only 
accentuated as improvements in that instrument 
and in other directions take place. Consequently, 
it is not likely, in view of its convenience and excel- 
lence, that tho small hand camera will bo laid aside 
in favour of the instrument generally used in earlier 
days. In tho more rostrioted fields of industrial 
photography, with its generally less adventurous task, 
as well as in many fields of technical work, tho 
ordinary portable camera will continue to bo 
used. 

(ii.) Studio Cameras . — The cameras of stand- 
ard form are heavily built, back focussing and 
non-folding. The instrument has long exten- 
sion, fixed or movable front, which is provided 
with lens panel for slight rise and fall. In 
some of the better forms the front is movable 
by rack and pinion, so that front adjustment 
■without moving the camera can be made, 
which is an advantage when copying. The 
lens is usually fitted to an inner “ lens board,” 
readily removable, behind which may be 
placed the exposing shutter, and this shutter 
being invisible enables exposing to bo done 
without the knowledge of tho sit'ter for a 
portrait. Tho arrangement of the back is 
different to that in a field camera. The size of 
camera selected for the portrait studio gener- 
ally permits a fair range of sizes, say from 
15/12, 12/10, or 10/8 down to ^-plate. In a 
particular studio a certain size will bo more 
used than others, and -will be generally smaller 
than tho full size that the camera is intended 
to take. As it is the common practice in 
good portrait studios to take several pictures, 
and rapid manipulation is desirable, provision 
is made 'for this by means of an auxiliary 
holder (“ repeating-back ” type). Tho focus- 
sing screen for the full-size plate — usually a 
loose frame — is removed, and in its place is 
introduced a larger frame bearing a second 
focussing screen of the smaller size which 
slides between two parallel bars. The plate- 
holder (“ dark slide ”), containing space for 
two plates side by side, also fits these bars. 
The foeussing screen is masked from the front 
by a wooden frame flush with the face of the 
repeating back (and changeable at will), so 
that the operator sees on tho screen only an 
area corresponding to tho plate that ■wiU bo 
used. This plan is much more satisfactory 
than the ruled lines on tho screen showing 
limits (which are sometimes used), and prevents 
confusion. When the image is focussed the 
screen is moved laterally (though it is some- 
times hinged and is swung out of position) 
and the plate-holder takes its place, being 
“ set ” so that the first plate is in position. 
After exposure the plate - holder is moved 


along until the second plate is brought into 
position, and exposure is then made. Tho 
shutter or the plate-holder is fully drawn all 
the time, but no extraneous light reaches the 
plate, tho repeating back acting as a shield. 
When the camera is one made to take large 
plates the repeater form of back may be 
employed, but this means considerable bulk. 
The repeating-back principle is frequently 
applied to cameras not intended for portraiture 
and is capable of considerable application. 
The plate - holders are made square (save 
small holders for repeaters) and plates are 
placed with the major dimension horizontal 
or vertical at will. 

The back of the camera swings in both a 
horizontal and a vortical plane. These 
movements are important, being often required 
when focussing images of objects in relief 
near to the camera when lenses with largo 
apertures are used, though their use in this 
respect is often abused. The support (stand) 
is frequently combined with the camera, 
which makes for convenience and rigidity. 
Pro'vision is made for raising and lowering, 
by rack and pinion, and for tilting the camera 
out of tho horizontal. Castors are provided 
to the feet of the stand for ease of movement. 
Otherwise, independent stands of similar 
construction are used. The combined ap- 
paratus is well showir 
in the “ Improved 
Studio ” (Ross), 

“ Soho ” (Marion), 
and “ Combination 
Studio,” Fig- 6 
(Watson). 

For special work, 
as in tho portraiture 
of ohildron, tho reflex 
principle has been 
applied, as in the 
‘‘Studio Minex ” 

(Adams), and twin- 
lens cameras have 
also been used. These F:a. C. 

cameras have the 

advantage that the image can be viewed on 
a full-size screen, focussing effected, and ex- 
posure made at tho precise moment when 
the appearance is judged to be satisfactory. 

§ (3) CopYiNa Camebas. — The term " copy- 
ing ” is applied to that branch of work which 
deals with tho photography of flat surfaces. 
For much copying the ordinary studio camera 
is quite satisfactory. 

In pure photography the most important 
branch of copying is that of m along transcripts 
of pictures of different lands. For picture 
copying in galleiies, museums, and private 
collections, the “ heavy - form ” portable 
camera, provided that the instrument is an 
efficient one of its kind and a suitable rigid 
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st?iTid is employed, meets the requirements. 
Cameras of heavier construction and greater 
refinement, if combined ■with special stands, 
would confer certain technical advantages, but 
the inconvenience and cost of transport would 
mean serious objections. In some continental 
photographic houses where picture copying is 
a feature, apparatus of a special character is 
sometimes employed where the camera is the 
dark room. This camera-dark room (in which 
the operator works) and the picture-supporting 
easel are built on a platform mounted upon 
a “ raifivay ” turn-table, which permits the 
whole system to be rotated to allow for changes 
in the sun’s position. 

The greater part of copying work comes in 
the domain of photo-mechanical photography,^ 
which is the branch of the craft producing 
reproductions or transcripts in various forms 
of different lands of picture — using the term 
in a broad sense — by distinct methods differing j 
from those of pure photography, which are 
finally associated with some form of the print- 
ing press (photogravure, photo -lithography, 
collotype, line and half-tone process block 
making in monochrome and colour and com- 
binations thereof), and for this certain forms 
of copying camera have been de'vised. Great 
accuracy is required in the copying of maps 
and plans and of pictures for colour block 
maldng and photo-lithography, and for this 
work the modem camera has become to some 
extent an engineer’s construction. 

(i.) Details of the Camera . — ^A camera system 
for the purpose of “ cop3dng ” should fulfil the 
essentials of parallelism between the “ front ” 
supporting the lens and the surface of the 
copy board bearing the subject to be copied 
(the “ original ”), and between the lens 
“ front ” and the focussing screen. If by 
proper construction these conditions are satis- 
fied, the principal axis of the lens will be 
perpendicular to the surface of the plate and 
to the surface of the “ original.” If, however, 
negatives laterally reversed are to be made 
(which is necessary in many processes), the 
focussing screen must be at right angles to 
the copy board, and a right- angle reflecting 
prism, silvered on its hypotenuse, must be 
mounted in front of the lens, the reflecting 
surface being at an angle of 45° to the lens 
axis. In place of the prism, a plane mirror, 
silvered on its surface, is frequently used. 

The camera and the copy board must be 
supported so that the centres of the focussing 
screen and the ‘ copy board, respectively, are 
in line with the lens axis. When this is done 
the image of an “ original ” which is placed 
on the centre of the copy board will fall in 
the centre of the focussing screen. If the 

‘ Sec “ Pliotography and the Printing Press,” 
J. Roy. Scottish Soc. Arts, “ Keith ” Lectures, Nos. 
10, 11, x'vli. ; Diet. App. Chem., Thorpe. 


camera be then rotated horizontally 90° (the 
prism being mounted in front of the lens) and 
the board be shifted laterally in a plane at. 
right angles to the focussing screen to a suffi- 
cient extent, the image of the “ original ” "will 
again be centred on the screen, but it will now 
be laterally reversed. Purther, the camera 
and copy board must be so arranged in relation 
that, at desire, either of these conditions can 
be maintained, whatever be the distance be- 
tween the lens and the “ original,” i.e. as the 
camera is moved to and fro by the operator 
for various sizes of image. By arrangements 
conforming to the conditions stated, “ copy- 
ing ” can be done with accuracy and 'wi'th 
the rapidity necessary to meet the economic 
and other conditions which obtain. A suit- 
able method for large copying systems, say, 
for plates 36 x 24 in. and below, is to 
mount the camera and the copy board upon 
! rigid stands, the feet of these being fitted 
•with grooved wheels which engage on parallel 
metal rails laid on the floor of the studio, or 
a pair of rails may be laid at right angles to 
one of the walls of the studio to take the 
camera stand whilst the copy board is fixed 
upon the wall, provision being made for its 
movement laterally for centring when the 
camera is turned into the position (previously 
described) for maldng reversed negatives. In 
some studios where very large drawings have 
regularly to be copied a large area of the wall 
is prepared as a copy board, and there is then 
sufficient room to accommodate drawings when 
the camera is arranged for either “ direct ” or 
reversed negative making. Great care is 
necessary in the construction of boards to 
ensure flat surfaces which do not warp — a 
problem of difficulty, more especially when they 
are exposed to the heat of powerful arc 
lamps as in artificial light studios. The floor 
of the studio should be laid firmly upon a 
suitable foundation to avoid vibration. The 
camera stands and copy -board stands are 
made of wood (preferably teak) and metal, 
but the most recent practice is to use only 
metal. Cameras constructed for map and 
plan copying (which are suitable also for 
general copying) of large size are sho-wn in 
Fig. 7, “ Calcutta ” pattern (Penrose), and 
the “ Precision ” pattern (Penrose). The 
stand in Fig. 7 is of wood and metal ; in 
another pattern a metal stand is employed. 
Both were constructed for the Survey of India 
office and are in use in many similar establish- 
ments. In some studios when large negatives 
are made the “ dark room ” is the camera. 
The lens is mounted on a suitable panel fixed 
in the wall of the room. The “ original ” to 
be photographed is supported on a copy board 
fixed upon an easel which travels on rails on 
the floor outside the room, whilst the focussing 
screen (and eventually the sensitive plate) 
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rests in a holder mounted upon a stand having 
a similar traverse on the floor of the dark 
room. The holder can be moved upon the 
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stand by moans of a screw, and is itself fitted 
with adjusting screws for producing parallelism 
with the copy board. Sotting for size of image 
is effected by moving the stand, the final 
focussing being made by the screw upon the 
stand which moves the plate holder. 

A brief allusion has already been made (g'.v.) 
to photo-mechanical printing processes and 
the difference between these and i^rocesses in 
pure or ordinary photography. For a more 
detailed explanation the reference given should 
be consulted. Maps, plans, and drawings in 
line (broken tone) of different kinds, drawings 
in colour, and oil paintings, nature photographs, 
where the light and shade is continuous (con- 
tinuous tone), may all be copied in the same 
apparatus (the ordinary camera cop3dng system 
as described), provided that the positive or 
print method for which the negative is to be 
used is confined to processes of pure photo- 
graphy ^ and to certain others in photo- 
mechanical photography, but not to all. 
Briefly, the visual effect of the continuous 
shading or continuous tone in a wash drawing 
or a nature photograph, for example, can 
only be produced by certain important methods 
by translating these shadings into “ broken ” 
tone. This translation may be, and generally 
is, effected by optical means by the application 
of the half-tone principle of Ives. The most 
important process where this principle is used 
is in the ordinary type-high half-tone process 
block which supplies the great majority of 
illustrations accompanying printed matter of 
various kinds. Th6 translation of tone is 
produced in the copy negative, and is brought 
about by placing in front of the sensitive plate 

‘ Sec “ Photogrraphy, Photo-Mechanical Processes,” 
Diet. App. Chem:, Thorpe, 2nd ed. iv. 236. 


during exposure the so-called “ ruled screen." 
The ordinary ruled screen consists of two 
rectangular plates of transparent colourless 
glass — cemented together in optical contact — 
bearing upon their inner surface alternate clear 
and opaque lines usually of equal width. 
The lines form angles of 45° with the sides 
of the plates, but in each one of the pair the 
orientation of the lines is the opposite of that 
in the other. In consequence, when the 
plates are in facial contact there is formed a 
series of uniformly distributed transparent 
spaces, rectangular, and of equal size. 

The effect of the screen is to break iip the 
continuous tones of the original into dots of 
various sizes, and in the completed printed 
picture the illusion of shading is produced 
by optical mixture. 

The surface of the screen when in use must 
be parallel to the surface of the sensitive 
plate, the interval between the two being of 
small order. This interval is, however, not 
a constant amount whenever a “ copy " 
negative is made, but is varied as required in 
harmony with other conditions, the screen 
distance being only one factor out of the total 
number to bo considered. The screen plate 
must be held rigidly in a smooth-working 
traversing frame fixed on a support inside the 
camera, which frame can bo caused to move 
to and fro at right angles to the lens axis and 
accurately set within the limits required. 
The traversing frame holding the screen is 
moved on its support for adjustment as to 
screen “ distance ” by lover and micrometer 
screw, the screw providing an adjustable 
limit to the position of the lever. This limit 
is the correct screen distance or “ sotting ” as 
determined by examination of the image on 
the focussing screen, or by the particular system 
of working adopted by the operator, and this 
distance can bo read off from the indicator 
scale provided. If the screen distance has 
once been set the lever can be moved to 
throw the screen back out of position, but 
on reversing the direction of the lever the 
screen can be brought back with exactitude 
to the original " setting," because the position 
of the micrometer screw provides the limit to 
its movement. A movement of this kind is 
necessary, because when the screen has been, 
set by examination it is necessary to throw it 
back for the insertion of the plate holder 
(dark slide), and when the shutter of this slide 
is withdrawn to prepare for exposure of the 
plate the screen must be brought forward to 
the predetennined position in front of the 
sensitive plate, and thrown out of position 
when the slide is to be removed from the 
camera. If, on the other hand, the screen is 
“ set " to a distance by any other system than 
visual examination of the image, it suffices to 
fix the micrometer screw to the required dis- 
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tance by the indicator, and the screen is brought 
up to the required position when the shutter 
of the plate holder in silit in the camera has 
been withdrawn. When not in use the screen 
holder is thrown back “ out of action,” and 
if the camera is to be used for ordinary copying 
without the screen the latter is removed from 
its holder. 

Cameras with this provision are termed 
“ jarocess ” cameras. So far as the camera qua 
camera is concerned the presence of the screen 
gear is not a detriment to its use for other 
copying purposes, which gain indeed from the 
accuracy and rigidity and convenience in 
movements given to the instrument to fit it 
for its special purpose. During recent years 
very great advances have taken place in this 
branch of camera instruction, largely because 
it was recognised from the first that the 
problems to be solved were essentially thoSfe 
for the engineer. As far as practicable, wood 
as an element in the construction of cameras 
and plate holders has been replaced by metal. 
To obtain the necessary accuracy in cameras 
of this type and to maintain it, strength 
combined with good design and workmanship 
is required. In many studios, particularly 
those situated in hot and moist climates, the 
conditions are extremely trpng to apparatus 
and persoimel, and these factors are recognised. 
Modem constructions are made as far as prac- 
ticable to meet the most difficult conditions, 
and the adoption of a standardised pattern 
designed to meet not the normal but the 
abnormal is economically sound from every 
point of view, when, as in this instance, it 
means, principally, good design and an in- 
telligent choice of material. 

In modern process cameras of the best 
class the back and front are separately mounted 
on iron base plates which travel upon steel 
rumiers, the distance apart of the two being 
adjusted by means of screws, and a screw 
and bevel gear is employed for adjusting the 
lens panel. These screws are all worked from 
the back of the camera by means of one 
removable handle. The focussing screen and 
lens board are detachable. The plate holder 
or dark slide is directly interchangeable with 
the fooussing-screen frame. The plate holders 
contain adjusting bars for holding different 
sizes of sensitive plate. When, however, a 
large camera is not employed for the full 
or the larger sizes of plate for which it is 
constructed, an adapting frame {“ Studio 
Cameras,” q.v.) is fitted in place of the full- 
sized focussing screen. The adapter takes a 
smaller focussing screen and a corresponding 
plate holder. This practice considerably 
reduces the fatigue in manipulating large and 
heavy dark slides. 

The camera stand and easel for the copy 
board are generally in one construction. The 


precise form varies, but essentially the arrange- 
ment consists of a pair of parallel rails framed 
up in a cradle, which is suspended by springs 
from a second and rigid construction resting 
upon the floor. The easel is fixed at one end 
of the sprung cradle and the camera is sup- 
ported upon a travelling carriage, which is 
provided with a turn-table to enable the camera 
to be rotated into the correct position for 
reversed negative making. The camera in its 
carriage will travel to and fro easily (main- 
taining correct relation with the copy board), 
and the arrangement may be clam^ied firmly 
in any position. The copy board is of wood, 
articulated, to avoid as far as practicable the 
effect of warping, afiy shrinking occurring 
being taken up by means of the screws in its 
framing. It runs on the guides which form 
part of the easel, and the board is fitted with 
devices for securing parallelism with the 
focussing screen, and, since arc lamps are 
usually used in reproduction studios for 
illuminating originals to be photographed, it 
has been found convenient to attach adjustable 
supports for these lamps to the camera stand. 

The best modern stands are wholly of metal, 
the only wood employed being in the copy 
board. The “ springing ” of the cradle bearing 
camera and copy board is for the purpose of 
avoiding transfer of vibration from floor to 
camera system, but even the best arrangements 
do not wholly avoid this trouble under certain 
circumstances, and great care is required, 
especially when the exposures are prolonged. 

The “ Empire ” process camera. Fig. 8, and 



Fig. 8. 


“ Empire All Metal Stand ” (Penrose) (not 
shown), and the “ Arc Gear ” process camera 
(Hunter), Fig. 9, are good modern examples 
of these constructions. 

(ii.) Automatic Foctissihg . — For rapidity of 
work it is desirable that some form of auto- 
matic setting for the respective focal con- 
jugates be employed in copying systems, and 
attention has been given during recent years 
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to the best means of using the principle. 
Given the focal length of the lens accurately, 
and the position of its nodes being known, 
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scales can be prepared and adjusted, so that 
by setting the respective index pointers, 
adjusting for size and sharp image, it would 
appear, could readily be done. In practice, 
however, the employment of this plan is not 
so simple. It is, however, practicable to use 
scale setting as a. close approximation and 
finally focussing in the ordinary way. The 
scales for any apparatus are conveniently pre- 
pared by trial. Such a system can be made 
to effect a great saving of time. More satis- 
factory is a linkage system by moans of 
which, on focussing, the imago varies in size, 
but is always “ sharp.” This .plan is adopted 
in certain forms of camera, but it entails 
considerable cost. 

(hi.) Reversing Devices . — ^Reference has been 
made to the production' of laterally reversed 
negatives which are necessary in certain 
photographic processes. In the wet collodion 
and collodion emulsion processes the negative 
may be made direct and reversed by stripping 
the film from the support, turning it over, and 
causing it to adhere to the glass, or by suitable 
procedure it may be converted into an un- 
supported flexible film, and the same plan has 
been largely adopted with the so-called strip- 
ping dry plates. Reversal, in practice, may 
be also effected by the use of certain celluloid 
films on which negatives are produced thin 
enough to be printed from either side. Another 
method especially convenient with dry plates 
when used in portable cameras employed 
away from the studio is to reverse the 
plate in the dark slide so that the glass side 
instead of film side is towards the lens, allow- 
ance being made when focussing. But the 
general practice is to use the optical devices 
referred to previously, viz. the right angle 
prism or the plane reflecting surface. 


There have been at all times difficulties in 
obtaining as a regular supply, blocks of glass 
sufficiently free from internal strain and striae 
to make prisms of more than 3 in. face 
which could be used without detriment in 
conjunction with high-grade lenses, the pro- 
duction of blocks for larger sizes being often 
a matter of uncertainty and considerable time. 
Prisms have, however, been made of 5^, 6|, 
and even 8 in. faces. The mounting of the 
prism of moderate size is not difficult, with 
largo sizes by no means easy. Prisms are 
mounted in triangular metal boxes with an 
external ring bearing a screw thread which 
engages into the lens mount, the face of prism 
and front combination being as close as prac- 
ticable. The weight of the iirism is borne by 
the lens mount, a system to which objection 
might be taken. To adjust accurately the 
face of the prism parallel to the copy board, 
probably the best way is to attach the lens to 
the front by means of a flange supplied with 
a rotating collar provided with a clamp (Zeiss). 
The same result can be brought about and 
the strain of the prism weight can be taken 
off the lens by means of an adjustable bracket, 
on which the prism mount rests, fixed to the 
lens board. In this way horizontal tilt of the 
j)rism can be entirely prevented, and there is 
no tendency to “ sag.” 

Mirrors are plain glass or metal. The glass 
is surface silvered. The surface of the silver 
tarnishes and requires re-polishing, and being 
delicate is easily damaged. Metal mirrors are 
more durable if care be taken, but they suffer 
in aoid atmospheres, and especially when tho 
air is humid, but are costly, and those produced 
to tho time of writing (1922) have not been 
perfectly satisfactory. Efforts are being made 
to employ chromium steel, arid tho results are 
promising. Platinised glass mirrors are at 
present the subject of experiment, but tho 
difficulties connected with the vitrification have 
not been overcome. Mirrors are mounted in 
right-angled boxes of wood, of wood and 
metal, and of metal alono. Boxes of wood, 
which are largely used, are open to con- 
siderable objection. Tho best form of box is 
of metal with oast frame, and provided with 
adjusting screws to sot tho mirror with re- 
spect to tho lens. Tho mirror is mounted 
behind the lens. This, although not absolutely 
essential, is necessary in practice. The mirror 
is in this way protected from extraneous 
light — a very important condition — and from 
tho possibility of mechanical damage. 

A serious objection to the prism arises 
from the absorption of photographically active 
light, which increases rapidly as the mass of 
tho glass increases. This applies more especi- 
ally when the process is ‘‘wet collodion” and 
tho source of illumination is enclosed are lamps, 
owing to tho particular spectral sensitive. 
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ness of the silver salt. This cannot be avoided, 
but it may be minimised by a careful selection 
of the glass. Loss also occurs with metallic 
mirrors, especially when tarnished. With 
glass mirrors silvered on the surface the loss 
is appreciable even when the tarnish is very 
slight. 

(iv.) Colour Screens . — Provision must be 
made for the support of colour screens, either 
the correction filter — “ yellow ” screen — em- 
ployed in conjunction with orthochromatic or 
panchromatic dry plates, or for the selection 
filters ^ employed in the three-colour process, 
or any method where the colour luminosities 
of the subject are to be controlled. 

In ordinary photography with portable 
cameras simple screen holders provided with 
caps may be attached to the lens, or the 
filter may be mounted behind the lens board 
by any convenient device, the necessities being 
freedom from stress on the filter and that it 
be supported with filter face at right angles to 
the lens axis. In the case of reproduction 
cameras where filters are made with optically 
worked glass “ flats,” great care is necessary, 
and it is now usual to employ a filter holder 
as part of the lens front, the carrier for the 
filter flat sliding behind the lens. 

(v.) Ruled Screen Carriers for Special 
Purposes . — It frequently happens that a 
picture made by a half-tone (ruled screen) 
process is to be copied in the camera for the 
making of another printing surface by the 
same principle. Thus, for example, the only 
available picture of which a “ half-tone ” 
block is desired may be itself an impression 
from a “ half-tone ” block. A translation 
made in this way will always produce a 
“ pattern,” ^ which “ pattern ” may in certain 
conditions amount to a pronounced moird. 
This phenomenon varies in appearance as the 
angle between the existing screen lines in the 
print, and those in the screen used when 
making the second negative, alters. The 
“ pattern ” can never be in practice eliminated, 
but the objectionable effect may be minimised 
to an extent that it becomes inoffensive by 
adjustment of the screen when making the 
copy negative. 

Similarly, when the screen block process 
is employed for producing transcripts of 
pictures in colour, as in the three-colour block 
or other screen process methods, impressions 
from different surfaces in their respective 
colours are superimposed. Consequently, to 
avoid the moir6 effect and produce a visually 
negligible pattern, the angles of crossing of 
the screen fines of the components must be 
adjusted. The most convenient plan is to 

^ See “ Light Filters.” 

® See Lees, S., ” On the Superposing of two Cross- 
line Screens at Small Angles and the Patterns obtained 
thereby,” Mem, Manchester Lit. and Phil. Soc., 
1918-19, Ixili, 


employ a circular screen fitted in a rotating 
carrier mounted in the screen gear frame, 
when the suitable angular differences for the 
separate negatives can be made. 

§ (4) Self-contained Camera Copying 
Systems. — ^Photography is widely employed 
to-day for the purpose of rapidly multiplying 
copies of letters, reports and documents of 
all kinds, printed matter, drawings, and 
matter of a like nature. Hand copying in 
many instances would be slow and expensive, 
and would entail always careful checking, 
whereas the photographic copy is in essentials 
free from error. To reduce operations to a 
minimum, and to enable the work to be done 
rapidly and without photographic skill, the 
apparatus — of which the “ Photostat ” (Alfred 
Herbert, Ltd.) is the most important example 
— is made complete in itself, and the operations 
of arranging the original, fighting, focussing 
to scale, exposure, development, and finishing 
are practically automatic. The copies are 
rapidly made upon sensitive coated paper 
which is in continuous roll form in the ap- 
paratus, negative pictures resulting. In the 
greater number of cases a negative copy 
answers the purpose, but if positives be 
necessary the negative is copied, when a 
positive of the original subject results. 

§ (5) Plate Holders and Changers, (i.) 
Holders . — The plate holder or dark slide 
usually employed with portable field cameras 
is that known as the “ double book form.” 
This holds two plates back to back, separated 
by a diaphragm, and opens like a book. Mov- 
able shutters draw out to expose the plate 
when in the camera, which shutters fold back 
over the slide. 

Solid (non-opening) slides for two plates 
are now largely in use, particularly for small 
sizes, and when well made are satisfactory, 
possessing many advantages — ^lessened weight 
and bulk, and greater protection of the plate 
from fight and from the possibility of acci- 
dental exposure due to careless handling. The 
slides are filled from the front by withdrawing 
the exposing shutters, and, in this respect, 
with many forms especially, are not so con- 
venient as the book-form slide. The shutters 
are made of hard rubber, ebonite, metal, or 
” compressed fibre,” and draw right out of the 
slide for exposure, and in good makes care is 
taken to provide efficient fight valves so that 
no harm occurs to the plates when this is 
done. The solid single and double slide is 
also made with flexible “ roller blind ” or 
“ Venetian blind ” shutters (narrow strips of 
wood in close contact mounted on fabric). 
A prejudice has been shown towards these by 
some photographers, for which there is little 
or no justification, for they met the exacting 
conditions of aerial photography during the 
war when slides were used. For plates larger 



PHOTOGRAPHIC APPARATUS 


387 


than 8|x6^ in., and for standing the wear 
and tear of everyday photography, the well- 
made double dark slides in sound mahogany 
would probably be preferred, because they 
are stronger and more reliable for “ register.” 
Good double slides for small plates are now 
made in metal, and small “ single ” metal 
slides are available, and both of these are 
particularly useful for hand camera work 
where it is desired to reduce bulk and weight 
in carrying cases. A refinement and a useful 
one in many slides is a safety catch or indicator j 
to obviate double exposure on plates. For 
cameras used indoor, single slides of strong 
construction are usually employed, their 
greatest use being in copying and studio 
cameras. For cop3dng cameras “ roller blind ” 
shutters are almost entirely used, and the 
same applies with modern studio apparatus 
save for small sizes. When a slide is to be 
employed for smaller plates than the maximum, 
inner frames or carriers are used, but “ nested ” 
carriers should be eschewed as they are 
liable to errors in register. In large slides, . 
which are often built on a metal framework, 
carrier bars adjustable for different sizes are 
often employed. The essential requirements 
in a plate holder are absolute light tightness 
under the conditions in which it is used and 
accurate “ register,” which means that when 
the slide is in the camera the sensitive surface 
must be in the same plane as that previously 
occupied by the focussing screen when the 
image was focussed. The slide should bo 
easily attached to the camera back, and the 
junction between the two must be sufficiently 
close to prevent the entry of extraneous light. 

Cut sensitive coated celluloid films may be 
held in steel sheaths or carriers, which take 
the place of the plate, and adjustment for 
register must be made. 

(ii.) Changing Boxes . — For holding a number 
of plates magazines termed “ changing boxes ” 
are often used with small hand cameras, 
but their use is not always so confined, for 
changers of different forms are largely used in 
aerial cameras, and some forms have proved 
satisfactory. One of the most reliable for 
use with the ordinary hand camera is the 
simple bag changer. In this the plates are 
held in a box in sheaths (preferably steel) 
and arranged one behind the other, the front 
plate being kept up to the “ register ” position.' 
After exposure the plate is lifted up by a simple 
device and enters the bag at the top of the box, 
and is then grasped — through the bag — at the 
edges and placed at the back of the pile. The 
whole operation is quite simple, and where the 
boxes are well made the system is rehable. 

In semi-automatic changing boxes the 
flexible bag is replaced by a drawer fitted with 
spring detents, and the action of transferring 
an exposed plate from front to back of the 


magazine is effected mechanically by simply 
pulling out the drawer (when the plate is 
projected into the lower part of the box by 
springs or falls by gravity) and then replacing 
it, when ..a fresh plate is ready for exposure. 
The device is fitted with a curtain shutter of 
wood or flexible shutter of metal, which 
protects the face of the front plate when the 
drawer is withdrawn, and a pull-out shutter or 
curtain which performs the same function as 
the shutter of an ordinary dark slide. An 
i index is provided which shows a progressive 
number each time the drawer is pulled out, 
indicating the number of plates changed. It 
is necessary to note the number of exposures 
made in one form of box, as the changing 
action does not stop at the last plate of the 
series, but repeats; but in another form the last 
sheath of the series differs from those preceding 
and the drawer will not operate, thus indicating 
the completion of the series. 

The ea.so and reliability of the changing boxes 
of this type, and indeed all changers, depend on 
good design and workmanship in the sheaths, and 
the boxes will not function when they aro deformed, 
especially in mechanical changers. A weU-known 
changing box as described is the “JEmcmann” 
(lea Co.), which operates by springs. This box may 
bo used for small or medium-sized plates. Up to 6/4 
the type works with twelve plates ; above this size it 
is desirable to reduce the number, as the weight of 
the greater number is a bar to easy changing. 

Changing boxes of the gravity type are well shown 
in the “ Richard ” (Jules Ricliard) and in the 
“ Jacquet ” (Tiranty). In this case the plates are 
small, the boxes aro made with precision in metal, 
and the system is seen at its best. The experience 
of years shows that with reasonable care they aro 
reliable. 

All changing boxes require care in usage, and 
some operators aro temperamentally unable to 
observe the necessary caution, hence the i)rincipal 
difficulties which arise in their use. As to whether 
or not they are desirable must bo decided on 
considerations of general convenience. 

§ (6) Panoeam Camkras. — It frequently 
happens that photographs are required 
embracing a large angular “ stretch ” of 
country. Several negatives may be made by 
rotating the ordinary portable camera on the 
head of the stand, and jorints from these 
negatives may be mounted edge to edge. Such 
pictures, however, will not join accurately. 
If, however, the camera be so mounted 
that the axis of rotation is vertically under 
the node of emission, this fault disappears, 
and cameras so mounted — winch is quite 
simple — have boon frequently used. Pano- 
ramic pictures may be made on film curved to 
the arc of a circle, the imago being formed by 
means of a lens mounted at one end of a tube 
which has a narrow slit opening at the other 
end and coming close to the film. The tube 
swings through the aro of the circle about the 
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node of emission of the lens. The image is 
therefore stationary and in focus at ail positions, 
and, provided the movement is sufficiently 
rapid, the camera can he held in the hand. 
This principle is utilised in the “ Panoram 
Kodak” (Kodak), two models of which are 
available, giving angular pictures embracing 
112 and 142 degrees respectively. A further 
development is the “ Cirkut ” camera (Century 
Camera Division, Kodak). In this type a 
mechanism unrolls flexible film past a slit 
opening, and by the same means the camera 
is caused to rotate on the head of the tripod 
stand. Negatives may in this way be made 
from 6 to 16 in. high, and for various lengths 
up to 16 ft., according to the camera and 
the length and width of the film used. 

§ (7) Finders. — These are devices used for 
the purpose of indicating the amount of 
subject which would be included on the 
focussing screen of a given camera placed in 
the same position. In consequence, they 
may be employed in lieu of the focussing 
screen when the ordinary method of image 
adjustment by use of the screen is not practic- 
able, and further they are tequired in the 
photography of moving objects. They are 
essential with all types of hand camera (save 
the Reflex, the focussing screen of which 
renders external agency unnecessary), with 
kinematograph and aerial cameras. 

Finders are employed attached to the 
camera (or may form part of it), but finders 
may be used separately for preliminary 
observation, and are then, strictly speaking, 
to be regarded only as “ view meters.” The 
simplest device to use as a finder is the d.v. 
view meter, which is a small metal frame fitted 
with cross wires and a centralised rear sight, 
the sides of the frame having the same 
proportions as the camera plate, or is sometimes 
the actual size. The sight is placed at such a 
distance that view angle (plate) equals the 
field angle (subject), which distance may be 
determined by calculation or trial. The eye 
placed at the sight sees the subject through 
the metal frame, when correct pointing of the 
camera can be effected. In practice the eye 
is usually placed a little further away; this 
narrows the angle and gives a margin of 
safety, useful when moving objects are being 
photographed. In heu of the wire frame 
there is sometimes employed a double or 
plano-convex lens with a mask showing the 
plate proportions, which requires a fixed 
sight correctly placed. In practice it is 
difficult to keep the eye fixed, and these 
finders are not rehable. 

The instrument most frequently employed 
is the “ brilliant finder,” which consists 
generally of a little box with a small lens 
in the front, a mirror fixed at an angle to its 
axis, and a horizontally placed lens which 


acts as a magnifier to the image produced. 
The view is limited by a mask having the 
proportions of the plate, which mask is some- 
times rotating. Other forms of “ brilliant 
finders ” have been introduced, but the one 
indicated, if well made and accurately adjusted, 
answers the purpose. 

When the front of the camera is raised or 
lowered the ordinary finder as described is no 
longer reliable. To meet the new conditions 
the front supporting the image lens is made to 
raise and lower, and is in linkage with the 
rising and falling front of the camera, so that 
variation in the camera front automatically 
shows in the finder (“ Identoscope ”), whilst 
in other systems engraved scales are provided 
on finder and camera front, so that after 
arranging the view on the finder, which may 
mean raising or lowering its lens, the scale 
reading indicates the setting of the rising 
front to correspond (“ Una ”) and (“ N. & G.”), 

§ (8) Exposing Shutters. — These are 
mechanical contrivances for exposing the 
sensitive plate in the camera, generally, for 
brief durations. Several types are in use, of 
which the chief are (a) roller-blind, (6) focal 
plane, (c) between lens, and {d) flap. Both a 
and b are roller-blind shutters, but a works 
at the lens, whilst b is used in front of the 
plate. The roller- bhnd shutter is a flexible 
opaque blind, in which there is a rectangular 
opening travelling vertically across the front 
or the back of the lens, the movement being 
caused by a spring-actuated roller, the tension 
of the spring determining the speed of rotation, 
and in consequence the duration of the 
exposure. The efficiency is increased by 
increasing the length of the opening — which 
should never be less than twice the lens 
aperture — but this requires an increase in 
spring tension as compared with a shorter 
length to secure equal exposure duration, and 
high spring tensions are conducive to vibra- 
tion. The blind opening must be wide enough 
to completely uncover the lens during exposure, 
and the framework of the shutter must not 
act as an obstruction, otherwise the margins 
of the plate will receive less illumination 
than the centre. When the lens is hooded 
the hood should be removed and fitted on 
the mount as close as possible to the front 
combination, otherwise an unduly large shutter 
is required. This shutter is shown in Fig. 10. 
The focal plane shutter consists of a moving 
blind in which is a rectangular adjustable 
opening — a “ sht ” — that is shghtly greater 
in length than the longer dimension of the 
plate. The bhnd is actuated by spring roller, 
and when released travels across the plate. 
The duration of the exposure at any part of 
the sensitive surface dej)ends upon the width 
of the sht opening and the rate at which the 
bhnd moves. The shutter is built into the 
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back of the camera, which must be enlarged 
for the purpose. The construction should 
permit the blind being as close as possible to 



FIG. 10. 


the plate, otherwise the efficiency is reduced. 
Two types are in use. In one the adjustment 
for exposure, so far as concerns one de- 
terminant, viz. the “ slit,” is effected by remov- 
ing the blind from its channel and altering 
the width of opening by varying the length 
of the side cords or chains holding the parallel 
edges apart. The tension of the spring roller 
is then adjusted. With this form of the 
shutter {Fig. 11) care must be taken not to 
open the shutter 
of the dark slide 
before the blind is 
wound, othermso 
if the lens be un- 
capped the plate 
will be accidentally 
exposed. To ob- 
viate this difficulty 
and to simplify 
setting, “self- 
capping ” shutters are employed. In this form 
the slit in the blind is closed until the shutter 
is wound up so that the plate is protected 
from accidental exposure. The slit width is 
determined by an external sotting device, 
the effect of which comes into operation 
when the blind is at the end of the wind. 
After exposure the slit automatically closes, 
and is ready for. rewinding for a fresh 
exposure. 

Focal plane shutters are necessary for very 
brief exposures. They suffer, however, from 
many defects — partly inherent, partly con- 
structional. A serious defect is that the 
images are frequently distorted, due to the 
fact that the whole plate is not exposed at 
once but in sections, and although these defects 
are not always obtrusive they nevertheless 
exist. 

The “ between lens ” shutter is generally a 
spring-worked sector diaphragm which opens 
from and closes to the centre, not interfering 


with the ordmary diaidiragm for reducing 
aperture. The shutter mount replaces the 
ordinary mount of the lens. Such shutters 
are very convenient in use, but their efficiency 
is sometimes low, and their marked speeds are 
frequently not I’eliable. 

Flap shutters are described by their name. 
They are used as a convenient substitute for 
the cap for exposures of appreciable duration. 
A flap — generally a light frame covered with 
velvet — is fitted in a mount which is fixed, 
generally, behind the lens. By means of a 
lever actuated pneumatically or by “ antinous” 
release the flap is raised, uncovering the lens, 
and is lowered after the exposure by releasing 
the pressure. They are sometimes made with 
the flap in two parts to open in the centre, 
which is the better plan. Such shutters are 
generally only used in the studio. As well 
as “ flap ” shutters, a form of sector shutter 
actuated by pneumatic device is employed 
for this i3urpose and is to bo preferred. 

For the methods of testing shutters, and 
the considerations of their efficiency, see 
“Shutters, Testing of Photographic,” Vol. IV. 

§ (9) Stands. — The support for the camera 
is an essential part of the equipment, and its 
selection is generally an index of the user’s 
judgment. Field or portable cameras are 
usually supported upon stands of the folding 
tripod type, although when employed as indoor 
instruments they are often mounted upon 
the rigid stand — the commonly termed 
“ studio ” stand — which will, as a rule, be 
found more convenient. The portable tripod 
is made of wood or metal, and ranges in form 
from the massive constructions with mechanic- 
ally tilting and rotating heads used for 
cinematograph cameras to the simjfle rule 
joint folding tripod, which folds compactly 
and serves a less exacting purpose. Whilst 
wood is the more satisfactory material for 
the portable tripod for ordinary cameras, 
metal may be used, but really good stands 
would be more costly. Excellent tripods are 
made in steel tubing for cinematograph 
cameras. The moat suitable wood is good 
well-seasoned ash, but other woods are em- 
ployed — oak, cherry, maple. Rigidity is the 
essential point, and to this other requirements 
must reasonably conform. Tripod legs should 
be long enough to permit of their extension 
to form a wide base without reducing camera 
height below average eye level. For con- 
venience the “ legs ” themselves are made 
folding and twofold with one adjustable 
element — usually termed “ threefold ” — are 
satisfactory if well made, the strength of the 
members of the stand being proportioned to 
the size and weight of the camera to be 
carried. The “ head ” should be for relia- 
bility approximate in width to the base of 
the camera, and the terminals of the legs 
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should be fixed to this as far apart as practic- 
able. Heads are frequently provided with a 
tilting top, which is useful for architectural 
photography, and with universal heads to 
enable the camera to be levelled when the 
stand is in any position. Small ball-and- 
socket supports are, however, unreliable, 
except for tiny cameras. Whatever form is 
adopted, camera and stand should feel as if 
one, and the system should particularly resist 
torsional stress. For cameras used in the 
studio or indoors, permanent stands of the 
rigid tripod or two-pillar form, with tilting 
table and full range of rise and fall, are 
employed, the portable tripod being incon- 
venient and sometimes impracticable. For 
indoor work of a technical character a simple 
rigid tripod with rising pillar support, fixable 
by friction clamp, answers quite well, but for 
portrait work in the studio the requirements 
are greater. 

§ (10) Enlargers. — Enlarging is a general 
term applied to the- process of amplifying 
photographic images. Any camera system 
when the camera extension is sufficient to 
provide for the greater focal conjugate, will 
suffice in principle and is frequently used in 
practice. Actually, the enlarging equipment 
of many photographers is provided by using 
the ordinary camera in a darkened room, the 
instrument with the negative in place of the 
focussing screen (for a simple demonstration) 
being supported with its back before an 
aperture in an opaque screen fitted to the 
window frame. Outside the window is fixed 
a white diffusive reflector at an angle of 45°, 
which serves to illuminate the negative uni- 
formly. Opposite to the lens is arranged a 
board covered with white paper upon a simple 
easel. By adjusting the respective distances 
of lens to negative and board to lens a sharp 
image enlarged to a particular amount will 
be formed, and eventually this image may be 
caused to fall upon a sheet of sensitive paper. 

In Fig. 12 an arrangement on this principle 
is shown. A carrier for the negative is fitted 



in the window frame, and the camera (with 
reversing frame removed) is arranged with 
its back close to the negative, extraneous 
light being excluded. The easel centred to 


the lens runs on a bijard as shown, and is so 
fitted as to be parallel with the negative at 
any distance. The apparatus is simple, in- 
expensive, and efficient. 

Special apparatus is, however, designed for 
the production of enlargements, and its use 
involves fewer restrictions. Practical con- 
siderations generally require that the work 
be done by artificial light, at least in those 
countries where atmospheric conditions are 
inimical to uniformity, and, moreover, the 
necessity for providing for extended periods 
of work and at all times of the day and season 
require the use of sources of illumination 
additional to daylight. 

The princij)le of the construction of the 
optical lantern underlies that of the artificial 
light enlarging apparatus, the elements being 
luminant, condenser, negative carrier, pro- 
jecting lens, and screen, but in many in- 
stances an “ extended source ” of light is 
employed, in which cases the principle is 
simplified by the omission of the condenser. 

A typical enlarging lantern comprises the 
“ lamp-house ” (containing the luminant), 
which is connected by bellows with the con- 
denser body, beyond which is the negative 
carrier frame, and this, on the other side, is 
attached by a bellows to the front holding 
the projecting lens. The condenser is fixed, 
but the “ lamp house ” and lens front can 
be moved to and fro. The condenser and 
projector are mounted in line axially, and 
the luminant can be centred with these. 
Means are provided for raising and lowering 
the carrier, for its lateral movement, for 
swinging horizontally about a central axis, and 
for rotating it in a vertical plane. 

The lantern as a whole may be conveniently 
mounted upon rads, upon which moves the 
screen easel, so that the two can be moved 
to and fro for adjustment of size of image, 
parallelism being maintained. 

With respect to the luminant. 

It is desirable that this, for optical reasons, 
be small in size, and to secure reasonably 
short “ exposures ” of the sensitive surface, 
intense. The small “ enclosed ” arc lamps, 
with right-angle carbon pencils, are convenient 
and efficient, but a “ half watt ” electric glow, 
with a suitable “ concentrated ” filament, or 
the tungsten arc (“ Pointolite ”)> have many 
advantages and are more uniform in radiation. 
Acetylene, incandescent mantle (coal gas or 
spirit heated) are used with success. Vertical 
incandescent mantles often occasion difficulty 
owing to the large size of the illuminated area, 
and its frequent unevenness is a source of 
trouble. The inverted form is generally freer 
from these objections. It is often found that 
an image of the mantle appears on the screen. 
This may be avoided by placing between the 
condenser and source a piece of ground glass. 
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This then becomes the source, and rightly used 
should be provided with an adjustment to 
control the distance between itself and the 
light. From a purely optical point of view 
its use is to be deprecated. On the other 
hand, optical arrangements are frequently 
considered without taking account of purely 
photographic necessities. The image deposit 
in a negative is, as a rule, appreciably “ grainy,” 
and this causes “ scattering ” of the light, 
with the result that the gradations of tone 
in the enlargement are falsified as compared 
with those in the negative. Not only so, but 
flaws of a mechanical nature in the negative 
are often unduly apparent in the enlarged 
image, and the same aisplies to the marks of a 
spotting brush or retouching pencil. When 
the luminant is small these are, if not ex- 
aggerated, often unpleasantly visible; on the 
other hand, when the light is diffused, as when 
ground glass is employed, this objectionable 
appearance in the enlargement is not so mani- 
fest, so there is often a gain in departing from 
purely optical dictates. The ground glass is, 
however, something which upsets the action 
of the condenser when employed in the usual 
way, more particularly if placed on the 
side next to the negative (which is sometimes 
done), and this should be remembered. 

When condenser systems are employed, it 
is necessary for even illumination of the 
negative that the diameter of the condenser 
be slightly greater than the diagonal of the 
negative, so that the whole area of the latter 
shall be included in the base of the cone of 
light. In practice this means placing the 
negative as close to the condenser as practic- 
able. The focal length of the condenser 
should be suitable for the projector employed, 
or it may be found impossible even by adjust- 
ing the distance of the luminant to provide 
even screen illumination for every amplifica- 
tion desired. 

If the negative is to be enlarged as a whole, 
and it be placed centrally, the raising, lowering, 
and lateral movements would not be required. 
But in practice it is frequently necessary to 
enlarge a portion only of a negative, and this 
not in the centre. It is desirable to place 
this area central to condenser and projector, 
and the movements named are wanted. 

Tilting devices are for the purpose of 
correcting convergent distortion, which some- 
times is produced in photographic negatives. 
For correct restitution similar arrangements 
must be provided to the screen receiving the 
enlarged image. Complete restitution of con- 
vergent distortion is a difficult and complicated 
matter, and the arrangements necessary are 
reasonably omitted from the ordinary enlarger, 
being required seldom and greatly increasing 
the cost. 

The rising panel generally fitted to the front 


of the enlarger, by means of which the lens 
can be moved in a vortical plane, is not 
required, its use being wrong in principle, 
for the axis of the condenser and the axis of 
the lens should be one continuous line ; more- 
over, it is quite unnecessary. The focussing 
adjustment for the front should be “ fine,” 
and it is a great advantage to have the means 
of focussing when the user is near to the screen. 
This is sometimes effected with enlargers 
having a central focussing screw (instead of 
rack and pinion at the side) by means of an 
extension rod fitted with Hooke’s joint 
(“ Ensign Premier,” Houghton). 

The projecting lens used is frequently that 
provided with the enlarger by the makers ; 
equally it may be the one employed in making 
the negative, provided that the aperture be 
sufficient and the focal length suitable. to the 
negative and the condenser — with daylight 
enlargers only the negative need be con- 
sidered. The lens should be well corrected, 
and it is desirable that its principal focal 
length bo not less than IJ times the diagonal 
of the negative to be enlarged. The aperture 
of the j)rojooting lens permissible is largely 
governed by the size of the light source 
— with large sources, as an incandescent 
vertical mantle, a small angular aperture 
would moan inability to obtain an evenly 
illuminated screen. In practice it is desirable 
not to select a lens with an aperture less than 
F/6. There is no objection to the use of a 
lens having a greater focal length in relation 
to a particular negative than that specified, 
save on the ground of convenience. The 
increased distance required for largo magnifica- 
tion may cause practical difficulties, and the 
ordinary condensers of commerce are not 
made for use with such objectives. In many 
respects increase of focal length would bo 
advantageous. 

With roapoet to screen or supporting sensi- 
tive paper, a plain board mounted upon an 
easel provided with the means for clamping 
on the rails so as to remain where placed is 
generally sufficient. 

The board should bo well framed to prevent 
warping, and may bo covered with cork 
linoleum glued down, upon which a sheet of 
white paper has been pastofi, or, better than 
the white paper, the linoleum can bo painted 
with white “ water ” paint, renewed when 
dirty. There are, however, several special 
forms of easel which are convenient, and take 
various standard sizes of paper. 

When a plain board easel is used a lens cap 
should be employed, glazed with a “ safe ” 
red glass or celluloid, and the paper is ad- 
justed to the image as seen on the easel. 

For making enlarged negatives a sppeial 
easel, with carriers to take the plates, is very 
convenient, focussing being effected upon a 
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piece of ground glass used in the carrier. The 
enlarging lantern is frequently used for the 
purpose of making “ reductions,” i.e. pictures 
smaller than the original negative, as in 
lantern slide production. For this purpose it 
is well to have a special easel with a small 
focussing screen SJ x 3^ in., which swings out 
nf nla.ne when f.hfi imno'fi ia focussed, when 


cam and gear, the gear controlling the 
movement of the lens in relation to the 
negative, and the cam controlling the move- 
ment of the gear as the printer is raised or 
lowered to alter the size of the negative.” 

The swinging arms carry the camera unit, 
the balance being arranged that this portion 
of the apparatus moves 
up and down without 
difficulty, and as this is 
done the image varies 
in size, always remain- 
ing sharp. The paper 
is adjusted upon the 
screen below, and the 
margins are controlled 
by two right-angle 
masks. The light is 
controlled by foot- 
switch. To eliminate the 
defect in enlargements 


Fig. 13. 


previously referred to. 


that of blemishes or 


the sensitive plate contained in a similar holder 
takes its place. 

Many efforts during recent years have been 
made to make camera systems, employed for 
copying and enlarging, “ self-adjusting ” or 
“ self-focussing ” or “ automatic,” either by 
setting to scales or, for the adjustment of the 
two focal conjugates, by means of cams and 
other devices. The apparatus is illustrated 
in Fig. 13 (Houghton Butcher). In this, 
focussing is effected by a device which in 
one movement adjusts lens to negative 
and screen to lens. To the lens panel is 
fixed a curved arm attached to one end of a 
right-angle cam, the other end of the catn 
terminating in a wheel that traverses a curved 
rail graduated to suit the focal length of the 
particular projector. The curved rail is fitted 
to an extension of the base of the easel, which 
is provided with a rack and pinion. As the 
easel is moved to and fro the wheel on the 
cam moves in the curved rail and adjusts the 
distance of the lens front. Focussing is, 
therefore, automatic, following the adjustment 
of the easel for the size of the image desired. 

A further advance in this direction has been 
made by the introduction of the “ Projection 
Printer ” (Eastman), shown in Fig. 14. The 
apparatus consists of a camera supported 
above a screen upon which the image is 
projected. The camera unit consists of a 
“ lamp-house ” holding a 250 watt gas-fiUed 
metallic filament lamp, supported above the 
negative carrier, the sight area of the negative 
being regulated by means of adjustable 
masks. Below this there ia arranged the 
projection lens, which is connected with the 
negative carrier by means of a bellows. 
The mechanism for “ focussing ” (using the 
term in its general sense) “ consists of a 


marks in the negative being eliminated or 
reduced in the print, there ia provided a series 
of optically worked glass diffusion discs which, 
placed oyer the lens, control the definition of 
the focussed image. This beautiful device is 
particularly valuable with portrait negatives 
which have been retouched, for with such 



Fig. 14. 


negatives there is always unpleasant pro- 
minence given in the enlarged print to the 
marks of the pencil in ordinary artificial light 
condenser enlarging systems. The apparatus 
takes negatives up to 7 x 5 in., and the range 
of amplitude from this size is from 10 x 8 to 
56 X 40 in. There is a smaller size taking 
5x4 negatives. 
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If the light source be much enlarged, so that 
it is greater than the negative, the condenser 
may be eliminated. This is the “ extended 
source ” system, and is now employed in 
many establishments very satisfactorily for 
the making of enlarged prmts, particularly 
from big negatives. Enlarging apparatus 
constructed on this system use a brilliantly 
and uniformly illuminated area behind the 
negative, the light being either “ transmitted ” 
or “ reflected.” The initial source is gener- 
ally a series of fairly closely placed straight 
mercury vapour tubes, or, for compactness, 
a specially constructed M -shaped tube. The 
light from this relatively largo source is further 
diffused by sheets of suitably disposed ground 
glass. The system is shown in principle in 
the.simjjle daylight enlarger shown in Fig. 
12, the illuminated vertically arranged ground- 
glass screen taking the place of the opaque 
white diffusive reflector shown. In practice 
an indoor enlarging room is constructed with 
suitable movements for adjusting the lens to 
the negative and easel to lens. If an opaque 
screen be employed instead of the translucent 
arrangement it is generally illuminated from 
the front by carbon arc lamps or, for small 
equipments, by a series of gas-filled half-watt 
lamps, the negative being shielded from the 
direct light of the source employed. 

There are many advantages, technical and 
economic, with an ajjparatus of this character. 
The light source requires no alteration for 
different degrees of enlargement — a matter of 
moment in industrial production — whilst with 
a condenser system adjustment must be 
made whenever there be a change of amplifiloa- 
tion. Enlargements made on this principle 
are far better as regards photographic quality, 
because the system of illumination by an 
extended diffused source is more suitable to 
the physical condition of the imago in the 
negative, and, moreover, the enlargers are able 
to deal with large negatives which would be 
impracticable by means of condenser systems. 

Extended source illumination enlargers — 
non-condenser systems — are becoming largely 
used in the form of vertical enlargers. Here 
the apparatus is fixed to the wall and occupies 
small space.^ 

Enlargements of small amplification, small 
box “ fixed-focus ” enlargers, are employed 
generally for daylight, and by these an 
enlarged print may be obtained by the 
simple operation of placing a negative at one 
end and a piece of sensitive paper — generally 
held in a dark slide — at the other, and exposing 
by turning the negative end towards the sky, 

\ For special apparatus sec “ Tlie Printol ” (Brown), 
British Journal of Photogra'phy, April 23, 1920, p. 267. 
For simple form of this convenient type see tUArcy 
Power, H., British Journal of Photography, 1909, p. 
475, and 1910, p. 328; and British Journal of Photo- 
graphy Almanac, 1910, p. 683. 


or towards a white screen illuminated by 
daylight or on occasion by artificial light. 
More convenient enlarging boxes are made to 
work in conjunction with particular patterns 
of hand cameras for which they are designed. 

§(11) Hand Cameeas. — The hand-held 
camera implies “ exposures ” of brief duration, 
and these have been rendered possible by the 
speed of the modern sensitive surfaces, and 
the production of satisfactory images by means 
of lenses of large angular aperture, with the 
subsequent elimination of the tripod and all 
that its use implies. Convenience dictates the 
employment of apparatus compact and easy 
to carry, simple in operation and quickly 
made ready for use. The employment of small 
plates from which enlargements could subse- 
quently bo made has reduced the necessity 
for large direct work, and the use of reliable 
film has caused photography to appeal to an 
ever-widening circle. 

It is difficult, unfortunately, to find any 
form of classification for hand cameras which 
shall be really helpful and have, at the same 
time, the advantage of a logical justification, 
for hand cameras are the most individualistic 
things amongst photographic apparatus. The 
term “ hand ” camera is not in itself a distinc- 
tion, and certainly not an exclusion, for any 
hand camera can be used as a stand camera if 
the operator so desires. The most distinctive 
introductions, so far as concerns type, have 
probably been the “ Eclipse,” which was the 
parent of one imx)ortant class of folding camera 
in use to-day, the “ Reflex,” and in resjject to 
far-reaching effect, the folding “Kodak,” 
which embodied the idea of reliable film- 
holder and camera in one. 

Modern hand cameras are, essentially, small 
picture cameras, the sizes ranging from 2/5 x 
If to 6x4 in., and occasionally x 4J in. 
or “ half-plate.” They are used for plates 
or out films, or both, but when the film is 
rollable the camera is generally made for this 
purpose. 

A consideration or general application is the 
method of focussing. Disregarding the reflex 
(and the now seldom used “ twin-lens ” type) 
camera the actual imago to which the jflate 
will be exposed is not seen xirior to exposure. 
The amount of subject included and the 
position of any i)ortion therein, say the 
principal object, is observed by means of an 
external instrument — a “finder” (q.v.). The 
focussing may be done by judging the distance 
of the object and then setting the lens for that 
distance by means of a scale provided. The 
minimum distance of lens to plate will be 
when the lens is set for an object at “ infinity,” 
but in practice this liosition on the scale is of 
little value save as a datum line, for the best 
definition is seldom required for objects at a 
considerable distance. If the camera be of the 
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“ fixed focus ” type the setting of the lens 
should be for an object at the hyperfocal 
distance of that lens when used at its maximum 
aperture. This plan secures sharp definition, 
for the greatest depth of field and objects 
exceeding a certain minimum distance are as 
well defined as possible with that particular lens. 
When the lens is sot this way the depth of 
field may be taken, practically, from about 
half the hyperfocal distance onward to 
“ infinity.” The minimum distance becomes 
less if the aperture be reduced and therefore 
the depth of the field increases. 

The “fixed -focus” cameras are advisedly 
only used for small plates when lenses of 
relatively short focal length may be employed. 
If, as is generally the case, the angular 
apertures are small the hyperfocal distance is 
near to the camera. When, therefore, the 
lens is set for an object at the hyperfocal 
distance, the “ near point ” being half this 
distance and the “ far point ” being “ infinity,” 
the depth of field is well extended. In 
consequence, by conforming to certain condi- 
tions such apparatus has considerable useful- 
ness. By the employment of supplementary 
lenses readily attached to the camera lens, 
objects quite near may be brought into sharp 
focus. It should be remembered that hyper- 
focal distances are “ extra focal.” 

In the majority of instances, when the 
camera has a focussing arrangement it involves 
the movement of the lens, either the front as a 
whole moves or the lens may be moved by a 
“ focussing flange,” the front remaining fixed. 
For accurate and easy working efficient 
scaling is necessary, more particularly as the 
negatives are frequently used for enlarging. 
It is desirable that a scale in yards be provided 
for the particular lens, so that when the 
index on the moving portion be set to any 
distance - mark on the scale the operator 
may Imow that an object at that distance will 
be “ sharp ” upon the plate. Focussing thus 
becomes a matter of judgment. But the 
production of the maximum sharpness for 
an object in one plane is only a particular 
case, although one frequently important in 
practice. More generally the operator desires 
to know the setting which will 3deld the best 
general definition for a series of objects situated 
within a certain range of distance from the 
camera, and for this “ depth of field ” scales 
are necessary. This form of scale can serve 
to some extent for both purposes, but since 
the numbers are not in simple sequence it is 
better to have in addition a separate scale in 
yards suitably graduated for what may be 
defined as “ object focussing,” for such work 
often entails rapid decisions, and any 
complication militates against quick conclu- 
sions. The two scales are now provided with 
some of the best types of camera, and can 


always be added to any focussing camera 
when desired. 

In a reflex camera focussing is performed in 
the usual way. The image formed by the 
lens undergoes a directional change by means 
of a mirror, and is received upon a focussing 
screen at right angles to the plate. When 
the camera is held in the ordinary way the 
focussing screen is horizontal, and being 
suitably shrouded from extraneous light the 
operator looking down on the screen sees the 
image formed by the lens. The camera is 
therefore its own finder, and by actuating the 
focussing screen the image may be focussed 
as desired. The shutter release as a first 
action lifts the mirror out of place, and when 
the plate or lens is uncovered the image 
observed on the screen falls on the plate. 

Practical considerations dictate compactness 
in bulk, and folding cameras are the most 
generally used. When the cameras are small 
the term “ pocket ” is used, but the size is the 
only criterion for this distinction. 

A most useful form is when the camera 
opens concertina fashion, and the front and 
back are held apart by means of metal struts, 
or by side wings as in the parent form the 
“ Eclipse.” The front, when the camera is 
extended, is at such a distance that the plate 
is practically at the “ infinity focus ” or prin- 
cipal focal distance of the lens; any further 
extension required for focussing near objects 
is obtained by altering the distance of lens 
to plate by means of the “ focussing flange ” 
in which the lens is mounted. The exposing 
shutters are either focal plane or “ between 
lens.” This form is probably the best for 
rapid manipulation. 

A type of hand camera follows the general 
style of the “light -form” portable field 
camera (g'.v.), where the base board falls, and 
the front — to which the bellows are attached — 
draws out on the base, and focussing is effected 
by moving the front to and fro. Consider the 
focussing screen (where present) protected, and 
that the whole of the movements are enclosed 
when the camera is folded, and there results 
one of the most important forms of hand 
camera. Such instruments are provided with 
focussing adjustments, rising, falling and 
swing fronts, reversing back, focussing scales 
and finder. The exposure device is either a 
focal plane or “ between-lens ” shutter. These 
cameras are employed for plates, held in dark 
slides, or for cut films. Examples are shown 
in the “ Una ” (Sinclair!, “ Vesta ” (Adams), 
“ Sibyl ” (Newman Guardia), and “ Sander- 
son ” (Houghton Butcher). 

The typical camera for roll film is the 
folding kodak (Kodak, Ltd.). This apparatus, 
when closed, is self-contained, the sensitive 
material being held in a spool in the camera. 
The “ base ” on release falls and locks in a 
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horizontal position, and the front draws out, 
sliding upon jjarallel guides in the base, 
focussing being effected by means of rack 
and pinion. The essential movements are 
provided as in any other camera, but additions 
and refinements are provided in the many 
forms available. A distinctive feature of the 
kodak type is the employment of the “ day- 
light-loading ” spool of film, by means of which 
the camera can be replenished even under 
open-air conditions, a convenience which has 
had a most important bearing upon the 
diffusion of the practice of photography. 
The sensitive film is changed after each 
exposure by a winding key, and an indicator 
is provided showing when the change has 
been completed. The exposure is made by 
means of a “ between-lens ” shutter. In the 
“ Kodak ” camera known as “ Autographic ” 
there is provided the means to inscribe the 
title of each exposure upon the film before 
changing, and the developed pictures bear 
their own record. 

The distinctive principle of the “ Reflex ” 
camera has already been described. This 
camera is advisedly the best for the more 
studied work of those advanced photographers 
with whom careful pictorial composition is the 
rule. Although good composition is deter- 
mined by a visual study of the subject itself, 
it is undoubtedly an advantage to be able to 
see the image upon a screen, the same size 
as the plate, before exposure. Inasmuch as 
the essential requirements of a good camera 
remain constant, there is only the special 
addition to be considered. The ordhiary 
reflex employs a focal plane shutter, it being 
necessary to protect the plate “ held in 
waiting ” from exposure until the mirror is 
lifted out of the way, the perfect closing of the 
top of the camera so as to prevent extraneous 
light from entering through the finder screen 
being essential. The drawback in many re- 
spects to the focal plane shutter is that ■ it 
is not entirely satisfactory for the relatively 
slow exposures required in much reflex camera 
work, especially that of the pictorial kind. 
This drawback has been overcome in the 
“ N.S. Reflex,” where the focal plane blind 
has been eliminated and a “ between-lens ” 
shutter substituted. A supplementaiy flaj) 
protecting the plate follows the mirror when 
the release is pressed; this flap, however, 
only comes into action when the lens shutter, 
open for the focussing, has returned to the 
closed condition. By this device the plate — 
uncovered ready for exposure — ^ia protected 
until the lens is covered, and the mirror having 
risen excludes any light which otherwise would 
enter the camera through the ground-glass 
finder screen. At this stage the exposure 
takes place. A most important necessity in 
the reflex camera is the perfect functioning 


of the release system which controls the 
sequence between the raising of the mirror 
and the exposure. 

As an example of the reflex camera the 
“ Soho ” (Marion) may bo cited. 

The reflex camera is of necessity somewhat 
bulky and relatively heavy, but Avith the 
tendency to employ small sizes this drawback 
to the use of a beautiful instrument is 
mitigated. To overcome the bulk difficulty 
folding reflex cameras have been made, but 
it may be observed that the folding pi-inciple 
does not receive its best exemplification in the 
reflex camera. 

As well as monocular cameras the stereo- 
scopic pi’inciple is applied to hand cameras, 
and in these to-day it finds its principal use. 

§ (12) Aerial Cameras. — The aerial camera, 
leaving aside the forms employed in survey 
during the last GO-70 years, owes its develop- 
ment to recent military necessities. As 
originally designed for the purpose of recon- 
naissance, the aerial camera was, essentially, a 
simple fixed focus box camera of wood or 
metal provided Avith a lens of large angular 
aperture, a focal plane shutter, and a simple 
finder, the plate being placed at the principal 
focal distance of the lens. The plate recep- 
tacle used was either a changing box or some 
form of single or double plate holder. The 
camera was hand held. The principal focal 
distance of the lenses employed Avas 8'26-10 in. 

To avoid the many clifficultica inherent in 
hand-held cameras, the ajAparatus Avas after- 
Avards fixed externally to the side of the 
fuselage of the machmo, or internally. 
Eventually the camera was fitted with a 
simple changing device. The plates held in 
steel sheaths were contained in a magazine, 
and were received after exposure in a recep- 
tacle of the same kind. The apparatus Avas 
operated by hand, the plate being changed 
and the exposing shutter set by one operation, 
exposure following at will by actuating the 
shutter release, and the cycle was repeated 
for the next plate. Subsequent developments 
led to a much improved changer system and 
to the building of the camera wholly of metal. 
The camera was also separable into two 
portions, the upper part or body forming the 
changer system with the shutter, and the 
lower — the cone — holding the lens. By the 
use of cones of different lengths it was possible 
to utilise lenses ranging from 4 ^ in. to 20 in. 
focal distance. The shutter was made detach- 
able and of the self-capping type, Avith external 
adjustments for slit Avi’dth. In this apparatus 
changing the plate and setting the shutter is 
performed by mechanism operated by hand 
or by motive power derived from a small 
hidependent propeller on the exterior of the 
aeroplane, driven by the current of air as the 
machine travels through space. The camera 
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can be used intermittently for single photo- i 
graphs or continuously for a series, determin- I 
able at will, so long as plates remain in the j 
magazine. The camera mechanism can be 
put in or out of action when at a distance 
from the observer by means of a Bowden 
wire. To avoid the effects of vibration the 
apparatus is fitted on a special cusliioning 
device. The negatives made in small cameras 
(5/4 in., 9x12 cm. and 13 x 18 cm.) may be 
enlarged, but, in lieu, negatives of greater 
size may be made in cameras of similar form 
to those indicated, using dark slides or 
magazine changers hand operated, or in 
automatically worked apparatus, all of which 
methods having yielded good results even 
under the relatively tr 5 dng conditions of aerial 
flight. To avoid the use of plates, roll film 
cameras of different types, automatically 
driven, have been used. Attention has been 
paid in every country interested in aerial 
photography to the design of these cameras, 
and it is probable that in these the main line 
of development will be made in the future. 
One of the principal difficulties with film 
cameras is the want of planarity of the film. 
In one form of apparatus it has been sought 
to overcome this trouble by pressing the film 
against a plate of glass, and in other instances 
suction devices have been employed to main- 
tain the film flat in the focal plane, and this 
plan offers probably the fewest drawbacks. 

o. w. a. 
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Photographic Lens, Measurement op Focal 
Length op. See “ Objectives, Testing of 
Compound,” § (2) (i.). 

PHOTOGRAPHIC LENSES 
§ (1) Introductory. — The lens in photo- 
graphy is employed to concentrate a large 
amount of light of certain wave-lengths in the 
form of an image of external objects on a thin 
layer of sensitive matter which is otherwise 
shielded from aU light. Convenience requires 
the sensitive layer to be in the form of a plane, 
and the exceptions to this rule may for the 
purposes of the present article be neglected. 


According to elementary theory a lens pro- 
duces, for light of any given wave-length, 
collinear images of all points, and consequently 
the image of a plane is itself a plane. Accord- 
ing to this theory any lens, if achromatic, will 
tend to give a plane image of say a picture, 
and this image will be an exact copy of the 
original picture if the axis of the lens meets 
the plane of the picture at right angles. By 
choosing a position for the lens at a suitable 
distance from the picture the image may be 
made as large or as small as is desired, and 
thus any lens which transmits a cone of rays 
wide enough to include all parts of the picture 
will be suitable for the reproduction of the 
picture to any size required. This conclusion 
has to be modified when aberrations are taken 
into account, but, except mth lenses of very 
large aperture, it is sufficiently correct for 
most photographic work provided the lens is 
of good design. 

The case of the plane object, which is almost 
invariably the only one considered in text- 
books, is not the most frequent one in actual 
photographic work. The typical problem is 
the reproduction of a scene out of doors where 
objects at very varied distances from the 
lens are included within the angle of view. 
Some of these it is desired to have recorded 
in sharp focus on the sensitive layer though 
they may be at different distances from the 
lens, and again it may be desired that other 
objects shall, as far as possible, not be evident 
in the reproduction on the sensitive surface. 
Moreover, some of the objects may be in motion, 
and the time during which the surface may 
be exposed to fight has therefore to be made 
small. Hence the aperture of ’ the lens is 
required to be large in order to transmit 
sufficient fight in small intervals of time. In 
many cases the image is required to cover a 
large solid angle also. All these considera- 
tions introduce special difficulties, some 
tending in their influence on the design of the 
lens in one direction, others in an exactly 
opposite direction. It will readily be appreci- 
ated that imder the circumstances considerable 
diversity is called for in the design of lenses, 
and that even so each one represents a com- 
promise between conflicting requirements, 
the aim of the maker being to balance the 
desirable qualities in such proportions that each 
lens he manufactures will be found sufficiently 
satisfactory by a large class of users. 

§ (2) Central Illumination, (i.) The 
Stop . — However small they may appear to 
be, all the objects suitable for terrestrial 
photography must be regarded as of finite size, 
and it follows that in considering the illumina- 
tion at any part of the image the finiteness of 
the size of the image must be taken into 
account. Suppose that the centre of the field 
of view is occupied by a small plane object of 
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area S placed normal to the lens axis. If the 
distance between the object and the lens 
is d and the area of the stop is A, the total 
amount of light from the source which passes 
through the lens will be represented with 
sufficient accuracy for our purposes by 
ISA 


where I is proportional to the light given out 
by unit area of the object. If the lens is 
properly designed, all this light, with the 
exception of a jproportion which is unavoidably 
reflected or scattered when the light is re- 
fracted at the surfaces of the lens, will reach 
the sensitised surface. If the area of this 
image is S', the illumination on unit area of 
this surface will bo 


ISA 

S'd2- 


( 1 ) 


If the stop is so placed that its images are in 
the unit planes, that is to say, if the stop image 
appears of the same size when examined from 
the front of the lens as when seen from the 
back, and df be the distance between the 
second unit plane and the image of the object, 
then, since the magnification m is measured 
by the ratio of the distance of the image to 
the distance of the object, we have 


da 


= »i® 


__S' 

“S" 


It follows that the brightness of the image is 
proportional to 

IK 

d'*’ 


or . . (2) 

where a is the diameter of the stop when this 
is circular. When the object is fairly distant 
d' differs by a negligible quantity from / the 
focal length of the lens, and the exposure 
required to produce a satisfactory impression 
on the sensitive surface is therefore propor- 
tional to (//a)®. The sizes of stops are most 
generally denoted by numbers which indicate 
the values of //a, and it is customary to 
designate the rapidity of lenses by quoting 
the smallest value of this fraction for which 
the lens can bo used. Thus a lens may be 
described as having the rapidity //4, meaning 
that the diameter of the largest stop it is 
possible to use is equal to one-quarter of the 
focal length. Such a lens would only require 
an exposure of one-quarter the time necessary 
with one in which the largest stop is //8, or 
one-eighth of that wanted when a stop as 
small as//ll is required. 

(ii.) The, Effect of Distance . — When the object, 
considered is not very far away the image is 
removed to a greater distance from the lens, 
so that d' increases ; the image falls off in 


brightness though the object remains equally 
bright. This is partly the reason why in a 
photograph of a scene in which both near and 
distant objects are included the former appear 
unnaturally dark. In cop3dng a plane picture 
on any given scale the increase in the time of 
exposure required is independent of the focal 
length, since under these conditions the ratio 
S : S' is given and d and d' are proportional 
to the focal length. In the case of natural 
objects the result, however, is dependent on 
the focal length, and our standard of com- 
parison is provided by the effects we see with 
our eyes, instruments having a very short 
focal length. By a very well knorvn optical 
formula the linear magnification for an object 
distant d from a lens of focal length / is 

Cf-dY 

and therefore (1) becomes 

• • • ( 3 ) 

and the illumination falls off the more rapidly 
the greater the value of /. Taking 16 mm. 
(0-G in.) as the focal length of the eye, the 
variations in light intensity due to proximity 
will bo at least 5 times as groat with a lens of 
76 mm. (3 in.) focal length as with the eye, 
and at least 20 times as great with a lens of 
20 cm. (12 in.) focal length. This character- 
istic indicates that under certain circumstances 
there may be a considerable gain in employing 
a lens of short focal length and enlarging the 
resulting picture rather than in taking a view 
directly of the size ultimately required. 

(iii.) Scattered Light . — It has boon mentioned 
already that a certain amount of light is 
inevitably scattered at each refraction. The 
amount so lost is far more detrimental to the 
production of brilliant images than the sub- 
traction of the corresponding amount of light 
from the incident beam would indicate, for 
some of the scattered light from intensely 
illuminated objects will fall upon parts of the 
image corresponding to dark objects, with 
the result that a flattening in the tones of the 
image takes place. It is important to avoid 
this as much as possible, and it follows that 
lenses which have a small number of glass to 
air surfaces tend to produce brighter pictures, 
as the amount of light scattered is almost 
entii’ely due to refraction to or from air, 
that dispersed at surfaces whore two glasses 
are oemented together being in comparison 
negligible. 

It should not, however, be supposed that 
the presence of a number of suchi glass to air 
surfaces is the chief cause of flat photographs. 
Far more serious sources of trouble in many 
cases are duo to carelessness in allowing bright 
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ligkt from a source outside the proper field of 
view to fall upon the interior of the lens mount 
on the one hand, and to an attempt to secure 
undue compactness in the apparatus on the 
other, which leads to the omission of a lens 
hood, and still more serious, to the use of too 
small a bellows to the camera, causing a great 
deal of light to be reflected from the bellows 
on to the plate. A proper bellows should be 
large enough to allow two or three flexible 
stops to be inserted which will intercept light 
that might otherwise cause general fogging. 

§ (3) Illumination in the Outer Parts oe 
THE Field. — Suppose now there is in the outer 
parts of the field of view another area similar 
to that at the centre, of the same brightness 
and in the same plane. Let the angle made 
with the axis by the line joining the centre 
of this area to the centre of the stop be 
Suppose the object behaves as a self-luminous 
body. Then the amount of light emitted per 
unit area in a direction makmg an angle (j) 
with the normal to the surface is jjroportional 
to cos (p, so that I must be replaced by I cos 96. 
The stop seen from the object appears fore- 
shortened, its • area being apparently A cos </> 
instead of A. This substitution must there- 
fore also be made. Further, corresponding 
to the distance d we have the increased 
distance d sec 96. S and S' are of course un- 
changed. Taking all these factors into con- 
sideration, it appears that the illumination 
in the image of an evenly illuminated object 
falls off in proportion to cos^^b. The accom- 
panying diagram {Fig. 1) exhibits this graphic- 


Serious as these figures are, they by no means 
represent the worst, for it 'almost invariably 
happens that for object points only a small 
distance from the axis a second limiting 
aperture begins to cut down the light still 
further below the figures given in this table. 
The way in which this comes about is illus- 
trated in Fig. 2. A central beam is shown 
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ally in the curve AA'. It will be seen that 
when 

0=20° the illumination is reduced by 22 per cent. 
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passmg through the lens in section at a, a 
beam at 10° at b, at 20° at c, 30° at d, and at 
36° at e. The reduction in cross-section is 
evidently due to the axial separation between 
the extreme lenses, and its influence on the 
illumination' is indicated in the curve BB' of 
Fig. 1. It is quite common to find that the 
illumination at 30° is of the order of 16 per cent 
of that at the centre. In spite of the 7 to 1 
ratio in light intensity which this represents 
it is not usually noticed in photographs, 
because the eye is not very sensitive to gradual 
changes of intensity. If, however, the angle 
is made unusually large, such as by a very 
liberal use of the rising front of the camera, 
or if a composite photograph is made with 
“ straight ” prints, the variations are noticed 
immediately. 

When it is necessary to cover a very large 
angle the most ready method of securing the 
greatest uniformity in exposure is to prevent 
the secondary reduction of aperture by stop- 
ping the lens down until the whole circle of 
the aperture can be seen from the corners 
of the image it is required to record. In some 
lenses the stop is so placed that this reduction 
is of no effect, and in a few cases stopping 
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down actually reduces the size of the total 
field of view and increases the disparity in 
illumination. Quite frequently it is necessary 
to reduce the size of the stop for this purpose 
to a far greater extent than is consistent with 
very sharp definition in the image. When 
this expedient is insufficient, recourse must 
be had to special stops contrived to reduce 
the amount of light at the centre to a greater 
extent than that at the edges. The principle 
employed consists essentially in the combina- 
tion of a circular opening in a plane with an 
opaque circular stop in another plane, or 
alternatively with a conical stop {Fig. 3). 



These arrangements date from a very early 
stage in photographic history, and were de- 
veloped by Bow and Sutton. At the present 
time the best knovm application of this prin- 
ciple is in the case of the Goerz “ Hypergon,” 
in which a rotating star-shaped central atop 
is used. With this lens 0 may ba as great 
as 70°. 

§ (4) Depth of Focus. — When the view 
contains objects at different distances from 
the lens, it is not possible for the images of all 
of them to be formed in the sensitive layer, 
and the impression produced is that of a more 
or less badly focussed image. The simplest 
way of ascertaining the effect which will be 
produced is to neglect the depth of the sensitive 
layer, so that only one object plane is supposed 
to be sharply focussed. If P is an object 
point outside this plane, as at or P, {Fig. 4), 



a geometrical theory leads to the conclusion 
that P, instead of being represented in the 
image by a point, will appear as a patch cor- 
responding to the image of the circle in which 
the cone, whose vertex is at P and whose 
base is the lens aperture, intersects this plane. 
If <Z is the distance of the plane from the lens, 
and is the distance of the plane through P 
parallel to the plane rendered sharply, the 
diameter of the equivalent object circle will be 
£, where 

e_di^~d 

a~ di 

It follows that if the nearest and farthest 
objects to be rendered in acceptably sharp 


focus are distant and d^, the proper distance 
to focus on is d, where 

d d^ dg 

and the diameter of the circle in the image 
plane which serves as an image of a point in 
either of the two extreme planes is 

a(l/di ~ 1/d,) 

2/f- l/dT- 1/dg’ 

where / is the focal length of the lens and a the 
diameter of the stop in use. 

In applying this formula it is usually 
assumed that a blurred image of a fixed 
diameter may be accepted as a standard, and 
the most usual tables adopt -01 in. as this 
diameter. Probably the assumption of a 
fixed diameter is not unreasonable for lenses 
of focal lengths 8 in. or more, but this criterion 
appears unsuitable for photographs taken 
with lenses of very shoid focal lengths such as 
are now common, where it is reasonable to 
assume that every picture must be enlarged 
to be properly appreciated. In these oases 
the diameter of the blur should probably bo 
reduced in proportion to the focal length, 
attaining the value for larger lenses when the 
focal length reaches approximately 8 in. 
For securing a sharp impression there is no 
doubt that in the case of the longer focal 
lengths -01 in. is too large a value to assume, 
at any rate for objects of importance in the 
central parts of the view, and to attain the 
standard reached by the normal eye this 
requires to be reduced to about one-quarter. 
On the other hand, to make sure that certain 
objects will not be distinguishable in the 
print, it is desirable that a value exceeding 
•01 in. should be adopted. 

One of the moat important applications 
of the above theory concerns the focus for 
“ infinity ” in small hand cameras. Here, 
if anywhere, the -01 in. limit is tolerable, as 
the princiiDal objects in views taken with such 
cameras are rarely really distant, and it is 
only important to ensure that the blurring 
of very distant objects does not present an 
unnatural appearance to the eye. For this 
case the formula becomes 

Distance to object sharply focussed for infinity 
FocaTlengtH 

_ j ^ Diameter of stop 

~ Diameter of blur circle' 

Thus with a lens of 5 in. focal length and full 
diameter 1 in. the object sharply focussed 
when the camera is set for infinity will be 
slightly over forty feet away, and the sensitive 
surface will be about -05 in. from the plane 
conjugate to infinity. 
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§ (5) Depth of Focus and Ppiase Errors. — 
It is interesting to consider in connection with 
these traditional rules the results which would 
follow from the application of criteria for good 
definition suitable for the telescope, finding 
the depth of focus for instance in terms of the 
phase errors consequent on departure from 
the theoretical focus. Considering a point on 
the axis from which a ray to the rim of the 
lens aperture makes an angle with the axis, 
the difference in path introduced by changing 
the distance of the point from the lens from 
d to cZi for this extreme ray is 

(1 - cos \p) {d^~d), 

and since sin t//=a/2d, this path difference may 
be written as 


a2 

fdj 

^d\ 

8 

V' 

d^ ) 


fl 


8 


dj 


If, then, + c represents the greatest path 
difference consistent with acceptable definition, 
the connections between a, c, the near and 
far distances d^ and d^, and the distance d 
on which the lens should focus are 

? = i + l 

d di d^ 

as before, and 

1 

di~ d^~ a® ’ 

a formula differing markedly from that 
obtained by considering the area in which 
the I'ay bundles meet the image surface. 
According to this theory the depth of focus 
is inversely proportional to the area of the 
aperture, instead of varying inversely as the 
aperture diameter and the camera extension. 
The connection between the quantities in- 
volved in the two theories may be written 

Path difference 

= J diameter of image circle x sin 

where \pQ is the angle made with the axis by 
the extreme ray in the image space which 
passes through the axial point of the image 
plane. Taking an object fairly distant from 
the lens on which to focus, and assuming 
an aperture of //4-6 and a phase tolerance of 
1 wave-length of yellow light, the diameter 
of the permissible image circle is found to be 
approximately •0007 in. =1/1400 in. On 
account of the finite thickness of the sensitive 
layer and the appreciable size of the grains 
which become developable as a whole when 
affected by light, it is doubtful whether so 
small a tolerance is necessary under ordinary 
conditions. The wave-length theory is, how- 
ever, undoubtedly applicable in considering 
to what extent accuracy in focussing has 


any meaning. Taking, as before, the case of 
a lens focussed on a distant object, it would 
be expected that under the best conditions 
imperfection in focussing would begin to be 
visible when the image plane was out of focus 
by about -001 in., and for other stops the 
distance would increase as the square of the 
/ number, and so be proportional to the correct 
exposure. Thus, with an aperture of //8 the 
focussing depth in the present sense would be 
three times that for //4-5. 

§ (6) Tilted and Decentered Use of Lens. 
— It is evident from the foregoing discussion 
that when it is desired to record m good focus 
two objects in different parts of a view which 
are at very unequal distances from the lens, 
the latter must either be used with a small 
aperture, or alternatively the lens must be 
used with its axis inclined to the normal to 
the surface on which the record is to be made, 
so that both objects lie approximately in 
the plane conjugate to this surface. Under 
these circumstances the plane containing the 
sensitive layer and that in \vhich the objects 
are situated will be inclined to one another, 
and it is of importance to be able to make 
the necessary adjustment with facility. This 
is almost invariably carried out by swinging 
the back of the camera, with which the 
sensitive surface moves, relatively to the lens 
axis, which is pointed as usual to the centre 
of the view it is intended to mclude. The 
proper adjustment is indicated by a coUinear 
theory of imagery. Since the object plane is 
not normal to the lens axis it will meet the 
first unit plane of the lens in a certain fine, 
and hence the image plane must meet the 
second unit plane in a corresponding line. 
With almost all lenses the unit planes are 
very slightly separated from one another, and 
lie between the extreme components of the 
system. It is sufficiently accurate for the 
purpose of adjusting the camera back to 
assume that there is a common unit surface 
which bisects the lens mount. By considering 
where this plane is met by the plane it is 
intended to have in sharp focus, and directing 
the image plane through this line the correct 
approximate adjustment is easily made, and 
if necessary a final correction can be made 
after the image has been examined. The 
principle followed is illustrated in the accom- 
panying figure (Fig. 5), where VQAP is the 
object plane meeting the common unit surface 
VO in V, and Ypaq is the image plane. 

Obviously from this figure the view will not 
appear correct in the final picture unless it 
is seen from one side, or, if the object and 
image planes were inclined to the vertical, 
from above or below. In certain cases this 
effect is very objectionable, and in particular 
it must be avoided in architectural subjects 
where the use of a lens with its axis inclined 
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to the horizontal causes vertical lines in the 
object to appear to converge in the image. 
The simplest method of dealing with -such 



subjects when, as frequently happens, the 
desired view cannot be obtained with the axis 
of the lens intersecting the centre of the 
sensitive surface is to decenter the lens with 
resjDect to this surface, so that, for instance, in 
taking a view of a tall building from the ground 
the lens axis may be several inches above its 
normal position. The parallelism of vortical 
lin es is thus preserved in the picture and the 
whole face of the building is kept in satis- 
factory focus if the image plane is kept vertical. 
This method, in extreme cases, is, however, 
unsatisfactory on account of the poor quality 
of definition in the image in parts remote 
from the lens axis, and also on account of the 
extreme difference thus introduced in the 
effective exposures for different parts of the 
image. In these extreme cases it becomes 
necessary to use the lens in an inclined position, 
and to rectify the convergence of vertical lines 
by re-photographing the original record. 

Referring again to the figure, which shows 
a section in the plane containing the axis and 
the projection of the axis on the object plane, 
let Cw be a line, parallel to the object plane 
PQV, through C, the axial point of the common 
imit planes CV, meeting the image plane 
in V. Then v is the vanishing point in the 
record for the converging lines corresponding 
to the parallel vertical linos of the object. In 
copying this record so to correct this converg- 
ence it is evidently only necessary to ensure 
the parallelism of the lino of greatest slope 
of the new image plane to Cv when pq is 
treated as the object. In order, however, 
to obtain a correct relation between horizontal 
and vertical distances in the final picture, the 
axis of the lens m this second operation must 
intersect the first record now serving as an 
object in the same point a as did the axis 
of the lens when the record was made. If the 
final record is to be increased in scale to m 


times that of the first record, the iinit plane 
in the j)rincipal section must be made to meet 
the record in V where Yv = m . va. If now a 
circle is described on Ya as diameter the axial 
point of the unit plane C must lie on the 
circumference, thus making YCa a right angle. 
It is evident from this construction that the 
only limitation which must be imposed on 
the lens used for the second operation is that 
its focal length shall not exceed ^Ya or 
i(l + 7n)va where m is considered positive. 
The original lens is, in such a case as has been 
considered, suitable for the purpose, but one 
of shorter focal length is frequently more 
convenient in order to reduce the axial separa- 
tion between the object and image xfianes. 

§ (7) The Possible Defects of Photo- 
GRAFHic Lenses. — The matters that have 
been discussed hitherto relate to the correct use 
of a lens, and apjily to all lenses alike, whether 
they are well or less well corrected for aberra- 
tions. The defects now to be considered 
de^iend upon the design of the lens, and are 
not under the control of the user. 

(i.) Fihnmg . — A defect which is not likely 
to be present in a new lens, but may develop 
in the course of time, is the filming of one or 
more of the glass surfaces. This is particularly 
likely to occur with extreme barium crown 
lenses of the types used in anastigmat lenses. 
When this filming is slight it is innocuous, 
but in some cases it causes the lens to apiiear 
of a decidedly brown tinge when examined 
by transmitted light, while iridescent colours 
may be seen by reflected light. In these more 
extreme examiiles the rapidity of the lens is 
seriously affected, and it is necessary to have 
the lens surfaces ro-polished. It is needless 
to say that this should only bo clone by the 
maker of the lens. 

Somewhat similar colours may be scon by 
reflected light when two surfaces which are 
supposed to bo cemented together have become 
partially or entirely uncemented. The most 
probable cause of this defect is a fall or 
violent shaking. In those oases also the 
lens ought to be returned to the maker for 
cori'ection. 

(ii. ) Mounting Defects . — A lens that has been 
performing satisfactorily may be found un- 
satisfactory after cleaning or re-mounting. 
This is frequently experienced after a lens 
formerly carried in the maker’s mount has 
been fitted into a between -lens shutter. The 
cause may be a scratch on the lens surface, 
which scatters light in all directions within 
the camera ; strain due to screwing up a Ions 
too tightly in its cell ; changes in the separa- 
tions of components either through a lens 
being loose in its cell or to incorrect adjust- 
ment of the new mount ; the insertion of a 
particular cora])onent the wrong way round, 
or to interchange of front and back com- 
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ponents ; or to inexact adjustment of the 
axes of the various components into coincid- 
ence. The accuracy necessary in some of 
these adjustments is very often not realised, 
and particular care to see that all is in order 
is essential after any disturbance of the 
lenses from their original position. Even 
when all the parts are in relatively correct 
positions the optical axis may be found 
appreciably inclined to the mechanical axis 
of the screw by which the mount is attached 
to the camera front. The figures already 
given on the accuracy desirable in focussing 
indicate the great nicety to which these two 
axes ought to be brought mto parallelism if 
satisfactory records are to be obtained. 

(iii.) Faults of the Glass . — Defects of a differ- 
ent class are faults in the glass of which 
the lenses are made. Bubbles are practically 
unavoidable in some of the new types of glass 
which are always used in anaatigmatic con- 
structions, but they should not be too numer- 
ous or too large. On these conditions they 
are practically harmless, their chief effect 
being the stoppage of a small amount of light. 
More serious are veins and striae. These 
can only be seen under special conditions of 
illumination if they are slight. The simplest 
arrangement is to point the lens at a small 
source of light, and place the pupil of the eye 
at the image of the source formed by the lens. 
The defects will then become apparent as 
lines where the illumination is not uniform. 
Lenses showing such defects cannot be made 
satisfactory, and should not be accepted as 
good instruments. In the physical laboratory 
lenses or prisms showing these defects can 
usually be discovered, and are interesting 
subjects for experiments with the aid of an 
interferometer and in other directions. 

(iv.) Defects of Design. — The remaining 
defects of importance depend upon the design 
of a lens. It has already been mentioned that 
light is reflected and scattered whenever a re- 
fraction from glass to air or vice versa takes 
place. For this reason, other things .being 
equal, the design with the smallest number of 
such refractions is to be preferred. Another 
defect which may be coupled with this is the 
liability of a lens to show flare images. These 
images are images of the lens aperture formed 
by light that has been reflected twice at glass 
to air surfaces. As a rule these images will 
not be situated near the image of the object to 
be recorded, but in certain designs one or more 
of these images may occupy a position where 
it is clearly seen in the record. A lens having 
this defect is quite unsuited for photography 
under certain conditions of lighting. It is 
well known that one of the best known makers 
of photographic lenses was compelled to 
withdraw an otherwise eminently satisfactory 
lens from the market shortly after its intro- 


duction, owing to its marked failure in this 
respect. 

§ (8) ABERRATiOTrs.^ — The remaining regular 
defects to which lenses are subject are of the 
character loiown to the optician as aberrations, 
and it is to the removal of these defects by 
the use of suitable materials and by the 
selection of suitable forms for the component 
lenses that the designer prmcipally directs 
his attention. 

(i.) Chromatic Aberrations . — The simplest of 
these defects are those known as chromatic 
aberrations ; the images of the object formed 
by light of different wave-lengths differ in 
size and also occupy different planes. For 
any object position there are thus two primary 
defects to remedy, and if images at different 
distances from the lens are to be corrected 
three conditions must be satisfied. The 
crudest lenses fitted to some of the very small 
cameras are not corrected for these defects, 
advantage being taken of the very small size 
of the lens aperture which renders the fault 
less obtrusive in the picture. In all cases 
where a non-achromatic lens is used a visual 
examination of the image shoves it to be out 
of focus, an improved appearance resulting 
from an increased separation between the 
lens and the image plane. This difference is 
due to the fact that the sensitive materials 
used to secure a photographic record are most 
sensible to light of a shorter wave-length than 
that to which the eye attaches chief weight, 
and the actinic or photographically active 
image is thus nearer to the lens than the 
visible image. The difference is of the order 
of 2 per cent of the focal length of the lens. 

In more pretentious lenses this difference 
in the position of the image planes is always 
removed by using combinations of positive 
and negative lenses in which the negative 
lenses are constructed from glass having a 
greater dispersive power than that used for 
the positive lenses. The three chromatic 
conditions reduce to one when two thin lenses, 
one positive and one negative, are used in 
contact with one another. When the system 
consists of well-separated lenses, or of lenses 
of considerable thickness, attention has to 
be paid to the three conditions independently 
of one another, but as a rule it will not be 
found that the theoretical conditions are 
exactly satisfied, the designer finding it more 
convenient to reduce the defects to a point 
at which they cease to become evident than 
to eliminate them completely. In one im- 
portant case the three conditions reduce to 
two through two of them assuming an identical 
form. This is when the complete system 
consists of two similar components whether 

^ For a fuller account of the aberrations of an 
optical system see “ Optical Calculations,” § (7), etc. 
See also “ Microscope, Optics of the,” § (5), etc. 
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of equal or unequal focal length. This is a 
simple case where the principle of symmetry 
applies, a principle of which great use is made 
in connection with other aberrations. It will 
be considered in more detail later. 

It should be evident that little importance 
attaches to equality in the sizes of images of 
different colours when they occupy different 
planes. Accordingly, the chief attention should 
be given to the positions in which the images 
of various wave-lengths are formed, and if 
some latitude is necessary it may be given in 
a slight variation of magnification with the 
wave-length. Owing to the properties of the 
transparent materials available for the con- 
struction of lenses it will, as a rule, only be 
possible to secure exact agreement of focussing 
plane for two wave-lengths. The two regions 
it has been found most satisfactory to bring 
into agreement are the neighbourhood of the 
D lines of sodium and the G' line of hydrogen, 
the former being not far from the dominant 
wave-length for visual observation, and the 
latter near the wave-length to which the 
photographic emulsions are most sensitive. 
This method of correcting enables a view to 
be correctly focussed for photograpliic re- 
cording by visual examination of the image. 

(ii.) Spherical Aberrations ? — The remaining 
defects are of the type known to the optician 
as the spherical errors. The amount of these 
will also depend on the wave-length. They 
should usually be corrected for a wave-length 
in the neighbourhood of G' rather than for D. 
If this is done the photographic record will 
present a better appearance than the visible 
image, and it may be a matter of importance 
to concentrate attention almost entii’ely o i the 
portion of the image in the neighbourhood 
of the lens axis when judging the best position 
of focus visually. If the correction were 
made in the alternative way the visible image 
would appear very pleasing and the photo- 
graphic record distinctly disappointing. In 
lenses for special purposes this consideration 
may not apply. 

(a) Distortion. — In consequence of the 
spherical errors the imago of a point in the 
object formed by light of a given wave-length 
will not on a ray theory bo a point, or in one 
case its position, if a point, will be displaced 
from that which it should occupy were the 
image an exact projection bf the object. This 
particular defect is known as distortion, and 
the displacement is necessarily directly to- 
wards or away from the point in which the 
image plane is met by the lens axis. The 
displacement may be represented mathe- 
matically by a series of odd powers of the 
distance the point would bo from the axis 

' For a discussion of the expressions given helow 
for the various aberrations see “ Lens Systems, 
Aberrations of.” 


were the defect absent. Thus, if y, z be the 
co-ordinates of a point in the image plane and 
we take the axis of y parallel to the direction 
in question, so that y represents that distance, 

5y = ai2/® + a22/®+«32/’+ • • •. ^z=Qi. 

The coefficients a^, a^, a^ . . . may be used as 
measures of the extent to which the defect 
is present, and are named the coefficients of 
distortion of the first, second, third . . . 
orders. If the defect is serious it becomes 
obvious that lines in the image whicli corre- 
spond to straight lines in the object are 
appreciably curved. This want of straight- 
ness, as the above equation shows, gradually 
makes its appearance as the shortest distance 
between tlie line and the point of the imago 
plane on the lens axis increases. 

(b) Spherical Aberration . — Another aberra- 
tion of a very simple Irind is central spherical 
aberration, the “ central ” referring to the 
distinctive 'property that, though equally 
present in other parts of the field of view, it is 
only aberrations of this group which appear in 
images on the axis itself. This aberration 
consists essentially in the rays from narrow 
zones of the aperture, bounded by nearly equal 
circles centered on the axis, coming to foci 
on the axis which vary gi’adually from one 
zone to another. The rays which in an ideal 
lens should pass through a single point of the 
axis, in a lens suffering from this defect, will 
touch a caustic surface which has two branches, 
one being a surface of revolution about the 
axis and the other a length of the axis itself. 
If 7), f are the co-ordinates of the point in 
which the I'ay meets the stop, the intersection 
of the ray with tlio imago plane will bo dis- 
Ijlaced fmm its ideal position given by y, z, 
by a distance whoso rectangular co-ordinates 
5y, oz satisfy 

f =f=V“+i-.-^+V+ • ■ ■ 

where + As before, b^, b^ , . . 

are aberration coefficients of the first, second, 
third . . . orders. In telescope objectives, 
the removal of this aberration is of outstanding 
importance, but it is common to find appreci- 
able amounts of central spherical aberration 
present in good photographic lenses, the 
reason being that up to a certain point this 
defect is less harmful than some other aberra- 
tions which cannot in the particular design 
be removed simultaneously with this central 
aberration. 

(c) Curvature and Oomatic Aberrations. — ^Be- 
tween the two simple aberrations considered 
in (a) and (6), there lie a series of others whose 
number and character depends upon the order 
of the aberration. Several of these have 
received names suggested by the shape of their 
trace in tlie image plane or by some other 
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outstanding character, A very rough classi- 
fication, baaed only on the aberrations of the 
first order, has been found sufficiently inclusive 
to group these under for testing purposes, and 
will serve for the present discussion. The loose 
character of the classification must, however, be 
borne in mind, as confusion may otherwise be 
caused when a more exact division is called for. 

Under this grouping the remaining defects 
are classed as curvature errors or as comatic 
errors, the former class containing those 
members which tend to produce a symmetrical 
deviation from the ideal image point, the 
latter to those in which the departure tends 
to be unsj'-mmetrical. Comparing this division 
with the two spherical aberrations already 
considered, central spherical aberration is 
evidently symmetrical in character, for 
corresponding to any displacement Sy, 8z in 
a ray from a given object point we obtain the 
complementary displacement - dy, - oz by 
selecting the ray which meets ’the stop in 
~ y, ~ t instead of y, f. On the other hand, 
distortion is an unsymmetrical aberration, 
since Sy has a definite sign for all rays from a 
given object point. The characteristic feature 
of these aberrations in mathematical language 
is that the symmetrical aberrations may be 
represented by terms which contain odd 
functions of y and and even functions of 
y and z, while with the unsymmetrical aberra- 
tions the reverse is the case. Taking the first 
order aberrations, from which the classification 
is derived, it may be shown that the defect 
Icnown as coma involves displacements of the 
ray intersections given by 

:-r '^2-|- cos 26), 

ii ^2-;^=r^sm29, 

cy 

where y—rcoa9, f=rsine, 

and c is a constant, showing that the rays 
which pass through a narrow circular zone of 
the aperture intersect the image in a circle, 
the radius of which is proportional to the 
square of the radius of the zone. The circle 
has the property that light from any one half 
of the annulus in the stop plane is distributed 
over the whole circle ; it is thus formed twice 
over by the light from the complete annulus. 
The aberration is most likely to be detected in 
photographic prints by a fuzzy edge to one side 
of a narrow object, such as a pole, which stands 
out strongly against its background, while the 
other edge appears much sharper. The removal 
of this aberration is particularly important 
in photographic lenses on account of the 
large field of view involved, to which this 
particular aberration is imoportional. 

The remaining first order aberrations relate 


to departures of the image surface from the 
plane. Two independent constants e, e' occur, 
so that two aberrations are present, the 
formulae for the displacements bemg 

^ = y(3e+e') 

, 25z , 

and 

It can be shown from these expressions 
that for points on a sphere of curvature 
proportional to (3e-l-e') having its vertex in 
contact with the plane in which the image has 
been assumed to lie Sy will assume zero value, 
and that similarly Sz will vanish for points on 
a sphere W'hose curvature is proportional to 
(e-f-e'). These spheres are obviously the loci 
of the focal lines of the pencils which form the 
image. The aberration corresponding to e 
is called astigmatism, since, if e is finite, the 
two spheres are distinct, so that no point 
image exists. The other aberration denoted 
by e! is called the curvature, sinee this is the 
curvature the image surface would have if 
point images existed in the outer parts of the 
field of view. The form of the expression 
shows that it is only when e vanishes that the 
curvature can be represented by e', the possible 
range in other cases lying definitely to one 
side or other of this value, according to the 
likeness or unlikeness of the .signs of c and e'. 

The removal of aberx’atiojis of this typo was 
for long an obstacle in the way of improvements 
of ixhotographio lenses, and was not realised 
until the introduction of novel types of glass 
had resulted from the work of Abbe and 
Schott at Jena. These new glasses were 
of particular importance in enabling ef to be 
controlled in value. Together with this im- 
provement it is necessary, if e is to receive a 
satisfactory value, for the optical system to 
contain lenses appreciably separated from one 
another. 

(iii.) Aberrations in General . — In closing this 
very brief description of the aberrations to 
which lenses are subject, it is necessary to 
point out that the values of the constants by 
which the defects are measured are dependent 
on the position of the object. It follows that 
a lens which is corrected for an object in one 
position wiU not give so good an image when 
the object is considerably displaced. The 
magnitude of the defects depends largely on 
the size of the lens aperture, so that a lens of 
large aperture is necessarily less suitable for ‘ 
general work than one in which the aperture 
is smaller. In particular, if a lens corrected 
for an object at infinity is reversed and still 
used for a distant object the imago will not be 
satisfactory unless the aperture is less than a 
definite value. An indication of this value is 
afforded by the largest aperture for which 
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symmetrical objectives are offered for the 
photography of distant scenes. The advantage 
to a manufacturer of the symmetrical con- 
struction is sufficiently great to ensure his 
utilising it as far as it can be satisfactory. A 
lens of this type cannot possibly be thoroughly 
corrected except for the reproduction of 
objects on full scale. Actually, such lenses 
are made for general "work up to apertures of 
//5-6. This affords a direct means of finding 
the standard of accuracy which manufacturers 
find necessary in their objectives. 

It must further be remembered that these 
first order effects are modified in the parts 
of the field of view more remote from the axis 
by the presence of aberrations of higher orders. 
These may tend in many instances to reduce 
the evil effects of the aberration of lower 
orders ; for instance, the surfaces containing 
the focal fines may be caused to depart from 
the spherical form and made to approach the 
ideal image plane again. This condition is 
fulfilled hr several modem objeetives, the two 
focal surfaces crossing in or close to this plane 
near the edge of the useful field of view. 
Strictly speaking, this is the condition which 
is held to justify the application of the term 
“ anastigmat ” to a lens, though, on the one 
hand, this usage is far more free than mathe- 
matical conceptions warrant, and, on the 
other hand, the term is also applied by their 
makers to lenses which do not even attain 
this limited degree of atigmatism. 

The actual appearance of the image in any 
lens depends upon the combined effect of all 
the aberrations which are present, and is also 
modified by the finite wave-length of the light 
forming the image. The classification of the 
defects into a number of separate aberrations 
is entirely artificial, its justification being the 
convenience of dealing with the defects in the 
manner described. 

§ (9) Types op Lenses. — The most varied 
forms have been proposed and used for photo- 
graphic lenses, and it is impossible here to 
attempt any detailed historical treatment 
of the subject. Much interesting matter will 
be found m the writings of von Rohr^ and 
Gleichen,^ which should be consulted by all 
who desire fuller information. A broad division 
of the forms in use at the present day may be 
drawn between the symmetrical and the un- 
symmetrical classes. The former group may 
be subdivided into 

(a) Fully symmetrical ; 

(b) Hemi-symmetrical ; 

(c) Quasi-symmetrical ; 

and in each of these -subdivisions there may be 
anastigmatic or astigmatic types, combina- 

* Theori& und Qeschichte des photograpMschen 
Objelctivs. 

“ The Theory of Modern Optical Instruments, trans. 
by Emsley and Swaine. 


tions built upon cemented or uneemented 
components, or on still more complex forms. 

The unsymraetrical forms may be built 
from 1, 2, 3, 4, or 5 components, some or all of 
which may themselves be compound lenses. 
The cases of most importance are 

(a) The single lens ; 

(b) The double lens ; 

(c) The telephoto lens, a special case of the 

double lens ; 

(d) The triple lens. 

As practically all lenses of the symmetiical 
type are obtained by combining together two 
systems which are themselves unsymraetrical 
lenses of classes (a) or (c), it appears the 
simplest course to consider the unsymmetrical 
forms first. 

§ (10) Unsymmetkical Types, (i.) The 
Single Lens . — This form of lens may be con- 
structed from one or several pieces of glass 
cemented together. All lenses of this type 
are used with an aperture stop some distance 
in front of them, and are meniscus in external 
form, presenting their concave surfaces to 
the incident light. This arrangement is 
adopted to secure a pseudo -flattening of the 
image by selecting for different parts of ‘the 
field of view pencils which have been refracted 
through different regions of the lens. The 
device is only effective when either central 
spherical aberration or coma or both are 
present in the image. The stop must not 
under these circumstances be large, and as this 
method of disguising curvature of the field 
necessarily introduces distortion, systems of 
this kind cannot be used on large fields con- 
taining numerous straight lines which do not 
lie near the lens axis. It is readily seen from 
the diagrams {Figs. 6 and 7) that the presence 



Eio. 6. — Curvature Correction in the Presence of 
Over-corrected .Spherical Aberration. 


of coma is of greater assistance than spherical 
aberration, and that when either is present 
alone the coma should be under-corrected and 
the spherical aberration over-corrected. The 
sign required for the outstanding coma 
accounts for the use of a lens strongly concave 
to the incident fight. 

In some of thfe more complex modem forms 
a ruling factor in the design is the presence of 
at least two cemented surfaces at which the 
angles of incidence may be large in comparison 
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with those at other surfaces, one of these two 
being of’ positive power and the other of 
negative power, the system further containing 



J'10. 7. — Curvature Correction in the Presence of 
Under-corrected Coma. 


at least one lens of barium crown glass which 
combines a high refractive index with small 
dispersion. For a fuller account of such 
lenses reference may be made to the treatise 
by von Rohr, already mentioned, or to 
Lummer’s F’holografhic O'piics, translated by 
Thompson. The earliest lenses used in photo- 
graphy appear to have been single lenses of 
one glass of the form devised by Wollaston. 
The earliest achromatic lenses were of the 
ordinary telescope form with a double convex 
crown lens, but at the present time a form 
with both crown and flint of meniscus shape, 
and with the crown lens nearer the stop, is 
invariably used, as it yields more satisfactory 
images over an extended field. 

(ii.) Systems composed of Two Dissimilar 
Lenses . — Such lenses when separated by an 
appreciable distance comprise one of the most 
important classes of objective. By far the 
most celebrated design which has yet been 
evolved, the Petzval portrait lens {Fig. 8), 


Fig. 8. 




belongs to this group. This lens was produced 
in the very early days of photography, when 
the need for great rapidity was acute on accoimt 
of the slowness of the sensitive materials at 
that time available, and in many respects 
it has hardly been surpassed by any later 
designs. In either its original form or in the 
modification introduced by Dallmeyer {Fig. 9) 
it is extensively used as a cinematograph pro- 
jection lens at the present day, the relative 
aperture varying from //3-5 to about //2. 


These lenses are, of course, made with the old 
silicate glasses. 

The form of Petzval’s objective generally 
corresponds to that which would be indicated 
by basing the design on the conditions for the 



Fig. 9. 


removal of first order aberrations as far as 
this is possible with the glasses available. As 
any actual design involves a balance between 
aberrations of different orders which cannot 
be effected simultaneously, the results given 
by the expressions for these first order aberra- 
tions are subject to considerable modification 
in the evolution of the final system. 

The other members of this class which re- 
quire special mention are anastigmatic lenses, 
and so utilise barium crown glasses. They are 
generally composed of an achromatic com- 
bination of the older types of glass, which is 
over-corrected for central spherical aberration, 
on one side of a central stop, and an achro- 
matic combination of a fight flint with a dense 
barium crown, which is necessarily under- 
corrected for central spherical aberration if 
the surfaces are spherical, on the other side 
of the stop. Both components are meniscus 
in external form, and present their concave 
sides to the stop, the ordinary achromat 
being of the form usual in single lenses but 
being placed before the stop, the other lenses 
resembling in shape the ordinary telescope 
objective with its flint component next to the 
stop. Under these conditions the cemented 
surface of the front component is of negative 
power and that of the back component of 
positive power. The need for 
presenting the concave sides of 
both components to the stop 
arises from the conditions for 
the removal of coma and dis- 
tortion. Among the best known 
lenses of this class are the 
Pro tars of Messrs. Zeiss {Fig. 

10). The Aldis lens, which in form is a double 
objective, is most simply regarded as a special 
case of a triple objective. 

(iii.) The Telephoto Objective . — This form, as 
a self-corrected lens in wfiich the components 
stand in a fixed relation to one another, is 
of comparatively recent development. The 
essential feature is that a positive lens is 
followed at a considerable distance by a 
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negative lens, which increases the focal length 
of the system without extending the separa- 
tion between the front lens and the image in 
the same proportion. Such a combination of 
a positive and a negative lens, each corrected 
for colour, lends itself very readily to the 
construction of an anastigmatically corrected 
system Among these systems the large 
aperture telephoto lens 

B {Fig. 11) made by 
Messrs. Taylor, Taylor 
& Hobson may be 
mentioned. 

piQ. 11 . Although telephoto 

lenses made of two 
single glasses are not employed as an un- 
symmetrical objective, such systems require 
mention, as they provide the basis of many 
sj^mmetrical objectives. In particular, the 
Gaussian form of telescope objective is used 
in more than one of these more complex 
lenses. 

(iv.) Lenses with Three Components . — Among 
the early attempts to improve photographic 
objectives systems consisting of three separated 
components are of frequent occurrence, the 
external components being of positive power 
and the central one of negative power. In 
most instances each component was achro- 
matised independently. None of these lenses 
survive to-day, and their present interest is 
chiefly due to the claim they may have to be 
considered as forerunners of the 
1 Cooke lens {Fig. 12), designed 
by Mr. H. Dennis Taylor of 
Messrs. T. Cooke & Sons, and 
made by Messrs. Taylor, Taylor 
J & Hobson. When account is 
I’m. 12. taken of the large number of 
conditions which have to he 
satisfied and the simplicity of the means 
adopted to achieve them, the design is one 
which must command general admiration. 
The excellence of its actual performance is 
sufficiently attested by the reputation of the 
lens among photographers. The general form 
of the lens, as in other cases, may be derived 
by considering aberrations of the first order 
only. 

Another well-known lens of this type which 
may be considered a slight elaboration of the 
Cooke is the Tessar {Fig. 13), produced by 

E Messrs. Zeiss. The chief differ- 
ence between the two lenses is 
that in the Tessar the back 
lens of the Cooke is replaced 
by a cemented doublet. In 
theory at least the additional 
]?iG. 13. degrees of freedom attained 
by the introduction of one 
more glass should enable a somewhat larger 
field of view to be covered with satisfactory 
definition by the Tessar than by the Cooke ; 





whether in fact the gain, .if any, actually 
achieved, justifies the complication, is de- 
batable. Some mdication of the excellent 
results attainable with the Cooke design is 
provided by the extensive use of such lenses 
of large aperture and long focal length by the 
German army in the war for aeroplane photo- 
graphy. So far as is knoAvn to the writer, the 
Tessar was not used for this purpose. The 
only serious drawback to lenses of this tyjre 
appears to be the rapid deterioration in the 
definition outside the field which the lens is 
mtended to cover, so that the extent to which 
the lens can be decentered is distinctly small 
compared with that possible in some of the 
double symmetrical types when a small stop 
is used. 

The Aldis lens {Fig. 14) may be regarded as a 
modified Cooke, in which the first two lenses 
are of substantial thickness 
and are cemented together. 

The reduction m the number 
of glass air surfaces which 
results from this modification 
is of distinct advantage, but 
the accompanying restriction 
in the number of variables 
at the disposal of the designer greatly increases 
the difficulty of attaining as high a standard 
of definition as with a true triple lens. These 
difficulties have been ably met, and this lens 
appears to be as close an approach as is 
possible with spherical surfaces to the highest 
triple standard. 

Many miscellaneous types of unsymmetrical 
lenses have been constructed by combining 
on the different sides of a central stop dis- 
similar typos of double and triple lenses. 

§ (11) Symmetrical Lenses, (i.) True 
Symmetricals . — Turning now to lenses of the 
symmetrical class, the true symmetricals, 
obtained by combining together two exactly 
similar lenses of equal focal length in such a 
manner that one occupies the position of the 
image of the other in a plane mirror coincident 
with the central stop plane, may be considered 
first. Among the simplest of these lenses is 
one due to Sutton, in which water is the 
refracting agent, this being enclosed between 
two thin concentric glass hemispherical shells. 
The use of such shells enclosing various liquids 
has been repeatedly suggested, but, though 
satisfactory pictures have 
been produced by their 
means, they have not come 
into use for obvious reasons. 

Closely allied to this lens is 
the Hypergon of Messi’s. 

Goerz {Fig. 15), consisting Fia. 16. 
of two very deep positive 
meniscus lenses of a single glass, so placed 
that the external surfaces very approxi- 
mately form a sphere. This lens is used 
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with a rotating star stop to equalise the 
illumination over the plate, and covers an 
angular field several times as great as is 
attempted with lenses of other types. For a 
long period the best lens for general purposes 
was obtained by using two achromatic meniscus 
lenses of the type described earlier to form a 
symmetrical lens. Many names were in use for 
- such lenses {Fig. 16), 

\ \ though in essentials they 

differed very Kttle from 
j\ one another. The names 

Eig. 10. by which they became 

best Imown are the 
“ rapid rectilinear ” and the “ aplanat,” 
the former describing the characteristic im- 
provement on the single lenses used previously, 
and the latter description being jrmtified by 
the improved definition which enabled a 
larger relative aperture to be employed, 
though in the modem sense in which aplanatic 
is used the term is not correct.^ 

Among modern constructions of the anastig- 
matic types many ar6 of this symmetrical 
class. The simplest elements from which 
they can be constructed in the case of cemented 
components must contain at least three 
different glasses to yield cemented surfaces 
whose powers differ in sign. The commonest 
types have either {Fig. 17) a positive 




Fig. 17. Eig. 18. 

H =Highe8t index. 

M= Medium index. 

L= Lowest index. 


double convex lens cemented between two 
negative lenses, or [Fig. 18) a double concave 
lens cemented between two positive lenses. In 
either case the refractive indexes of the glasses 
form a descending sequence on proceeding from 
the external medium towards the stop. In 
another form [Fig. 19) a positive meniscus lens 



Eig. 19. Fig. 20. 


of low refractive index is placed between a 
double convex lens of a dense barium crown and 


‘ In earlier writings aplanatic signifies merely 
freedom from central spherical aberration. Abbe 
introduced the meaning now generally adopted by 
imposing the additional condition that the sine 
condition must be satisfied, so that the term now 
implies simultaneous correction for central spherical 
aberration and for coma. 


a double concave lens of a light flint, the latter 
of course being nearest the stop. In a fourth 
form {Fig. 20) the central meniscus lens presents 
its concave instead of its convex side to the stop, 
and all the component lenses are meniscus, 
the negative lenses occupying the extreme 
positions. Stiff more complex forms are found 
if more than three glasses are used, and lenses 
of this class having four and five glasses to a 
single component are made. 

In another class of symmetrical objective 
the central lens of the third type of triple 
cemented component is replaced by a meniscus 
air lens {Fig. 21), each component thus con- 
sisting of a double convex dense barium crown 
lens separated from a double concave lens 
made from a light flint glass. In a limiting 
case this type merges into the triple lens of 
the Cooke class. One further class in which 



Eig. 21. Eig. 22. 


an air-gap is used remains, corresponding to 
a form of triple cemented component which 
does not appear to have been utilised. In 
this class the objective may be considered 
a derivative of the Gaussian objective, 
consisting of separated positive and nega- 
tive meniscus lenses. The best known lens 
of this t3rpe is the Homocentric of Messrs. 
Ross {Fig. 22). A more complex lens con- 
structed for reproductive work and available 
with apochromatic correction is the Planar of 
Messrs. Zeiss {Fig. 23). The cemented lens in 



Eig. 23. 


this construction is composed of two glasses 
■with different dispersions but approximately 
equal refractive index. 

(ii.) Theoretical Considerations . — It has often 
been claimed for the symmetrical construction 
that its use automatically removes distortion, 
coma, and aU aberrations of the unsymmetrical 
class, whatever the position of the object may 
be. As this question is of very great import- 
ance it is worth inquiring what advantages 
a symmetrical construction does necessarily 
secure. For this purpose it is quite un- 
necessary to consider the details of the lens 
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construction, the symmetry itself being the 
onh'- pertinent factor. 

Suppose, tlien, that C {Fig. 24) is tlie centre of the 
stop, and thus symmetrically situated with respect to 
the two components. Any ray through C will strike 
the components in corresponding points and will be 
refracted by the separate components into exactly 
corresponding positions. The incident and emergent 
rays will thus strike siniilar and symmetrically 
situated surfaces in points wliioh also correspond. 
In particular, if the intersection with the object and 
image planes for magnification —1 are P and P', 
the distances of these points from the axis are equal. 



and the objective is therefore free from distortion 
for this particular magnification. 

Again consider two parallel rays SIT and TS' in tlie 
space separating the components, which meet the 
central stop plane in diametrically opposite points. 
Symmetry again shows that the incident ray corre- 
sponding to Sliy is parallel to and correspondingly 
situated with the emergent ray belonging to TS', and 
vice versa. Thus the intersection E of the two 
incident rays is symmetrically situated with respect 
to the intersection E' of the emergent rays. More- 
over, the previous result shows that the ray from E 
through 0 passes through E', and the more general 
case is easily established, that corresponding to any 
ray through E and E' another ray through the same 
two points may be found which is parallel to the 
former ray in the stop space and meets the stop 
in the diametrically opposite point. These results 
are readily interpreted to moan that the lens sym- 
metry automatically secures freedom from all 
unsymmetrioal aberrations when the magnification 
is —1. It is to be observed that there is no need 
for the various pairs of rays such as ST' and TS' 
to be parallel in the stop space to QQ' or to other 
pairs of rays arising from the same object point, so 
that the unoorreoted character of the half lens is 
of no consequence. When we proceed to consider 
conjugate pianos for a different magnification the 
arguments which have served to establish this result 
for the magnification — 1 break doAvn. For example, 
in the case of distortion, freedom from this aberration 
evidently involves the absence of aberration in the 
imago of 0 in a single component. To secure the 
absence of all chromatic aberration the single com- 
ponent must bring a parallel bundle of rays incident 
in the stop space to a single focus in the imago d^ace, 
and must also form an imago of C in the same place 
for the different colours. 

When coma is considered in a similar way for a 
magnification other than. — 1 the rays oonoerped in 
the formation of the image of a imrticular object point 


wliich intersect the stop in oi)posito ends of a diameter 
do not lie parallel to one another in the stop space, 
and in the absence of such symmetry conclusions 
can only bo drawn when more is known of the im- 
symmetrical aberration.s for the magnification —1. 
Algebraic investigation is in this case more simple, 
and leads definitely to the conclusion that with the 
symmetrical construction the only magnifications 
for which the aberrations generally can be removed 
are -fl and —1, the former corresponding to the 
stop and the latter to a real imago. 

W'ith moderate sized stops the fact that a sym- 
metrical objective is free from unsymmetrioal 
aberration when copying full size may bo taken to 
involve small but not zero values for the unsym- 
metrical aberrations for objects in other positions, 
but for largo apertures the conclusion is unavoidable 
that this construction is undesirable. The design 
of a symmetrical objective for copying the same or 
approximately the same size is particularly simple, 
since it reduces to the design of a half component 
which is free from symmetrical aberrations alone 
for parallel beams incident on the surface presented 
to the stop, together with the correction of the image 
of the point in winch the stop meets the axis for 
colour and spherical aberration. The conditions 
to bo satisfied are thus considerably fewer in number 
than with a complete unsymmetrical objective. 

(iii.) Hemi-symmetrical Objectives . — These are 
formed by combining together two components 
of similar design but of different focal lengths. 
The position of the stop should divide the 
space between the inner surfaces in proportion 
to the focal lengths of the components, and, 
as in the fully symmetrical systems, the image 
of the axial point of the stop plane should bo 
fyeo from chromatic and spherical aberrations. 
The want of symmetry which exists in the 
paths of otlier rays shows that w'e cannot in 
this case infer absence of unsymmetrical 
aberrations for the magnification determined 
by the ratio of the focal lengths of the com- 
ponents, though when these focal lengths are 
not extremely dissimilar in magnitude con- 
siderations of continuity lead us to expect 
that aberrations of this kind will not bo large. 
Lenses of this type are chiefly used as a 
variation of the fully sjunmetrical type to 
secure a lens of somewhat different focal 
length at the cost of half a lens, one component 
only of the fully symmetrical lens being 
replaced by another of the same design but 
of different focal length. 

(iv.) Quasi - symmetrical Systems. — It is 
evident from the preceding discussion that 
for the best results for distant objects with 
largo apertures the symmetrical construction 
is unsuitable. In a number of lenses this 
difficulty is overcome by introducing slight 
differences between the two components, as 
by altering one or two curvatures and possibly 
a separation also in one component compared 
with the other. In this way the advantages 
which the symmetrical, construction offers 
to a manufacturer may in part be retained. 
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and the design of the lens is also simplified, 
since each component must he given properties 
which differ in known directions from those 
which yield correct images for full-size copying. 

Such lenses may be 
called quasi - sjnn- 
metrical objectives, 
and among them 
may be noted the 
Celor {Fig. 25) made 
by Messrs. Goerz 
with an aperture of 
//3-5, while several 
25, forms of the Cooke 

lens and of its vari- 
ants may be regarded as special cases of quasi- 
symmetrical lenses. In most of these object- 
ives the outstanding feature of the modifica- 
tion is that the front portion, in comparison 
with the back, has surfaces more strongly 
convex to light proceeding from external space 
to the stop. 

0 ?. s. 

Photographio Lenses for Telescopes. See 
“ Telescope,” § (9). 

Ppiotographic Method op Spectrophoto- 
metry ; a method of great value in the 
ultra-violet part of the spectrum. See 
“ Spectrophotometry,” § (17). 

Photographic Reproduction of Graticules. 
See “ Graticules.” 

Photographic Surveying. See “ Surveying 
and Surveying Instruments,” § (9) (vii.). 
Photometric Methods of Temperature 
Determination. See “ Photometry and 
Illumination,” § (112). 

PHOTOMETRY AND ILLUMINATION 

I. General Principles and Definitions 

§ (1) General. — Photometry is that branch of 
applied pliysics which deals with the quantita- 
tive comparison of light sources and their evalu- 
ation in terms of some agreed standard. It 
will be seen from Part III. on “ Photometric 
Methods ” that this comparison or evaluation 
is always achieved by moans of a comparison 
of the brightnesses of surfaces illuminated by 
the sources, and this comparison has always 
to be made by the human eye. There is 
therefore a natural limit to the accuracy with 
which two sources of light can be compared, 
viz. the limit beyond which the human eye is 
incapable of perceiving differences of bright- 
ness. This limit varies with the absolute 
value of the brightnesses compared, any 
difference that may exist between their 
spectral distribution, the state of the eye, 
and other factors which are discussed else- 
where (see article on “ The Eye as an Optical 
Instrument ”). 



In photometry there is always an ordered 
sequence of iihenomena each of which has to 
be separately considered. Some object, called 
a “ luminous source,” emits radiation which 
is capable of affecting the retina of the human 
eye and thereby producing the sensation of 
light. This radiation, or some portion of it, 
reaches a given surface and thereby “ illumin- 
ates ” it ; the surface reflects some portion 
of the radiation it receives and then is said to 
have a certain “ brightness.” 

The consideration of this sequence leads to a 
system of definitions of photometric terms. 
These may be based on the luminous power of 
the source as the primary conception,^ or 
alternatively, the rate of flow of radiation (i.e. 
luminous flux) may bo regarded as funda- 
mental, all other phenomena, including the 
source, being referred to this as the primary 
conception. “ 

§ (2) Definitions. — The following defini- 
tions of the more important photometric 
quantities may be given. Those marked with 
an asterisk (*) were adopted by the Inter- 
national Commission on Illumination in 1921. 

* (i.) Luminous Flux. — It is the rate of 
passage of radiant energy evaluated by refer- 
ence to the luminous sensation produced by it. 

Although luminous flux should be regarded 
strictly as the rate of passage of radiant 
energy, as just defined, it can, nevertheless, 
be accepted as an entity, for the purposes of 
practical photometry, since the velocity may 
be regarded as being constant under those 
conditions. 

It is measured by the quantity of luminous 
energy falling per second on a surface of unit 
area placed at right angles to the flow. 

* (ii.) The Unit of Luminous Flux is the 
Lumen. It is equal to the flux emitted in a 
unit solid angle by a uniform point source of 
one international candle. 

(iii.) A Luminous Source, or source of light, 
is one which emits luminous flux. 

* (iv.) The Luminous Intensity {candle- 
power) of a point source in any direction is the 
luminous flux per unit solid angle emitted by 
that source in that direction. (The flux 
emanating from a source whose dimensions 
are negligible in comparison with the distance 
from which it is observed may be considered 
as coming from a point.) 

* (v.) The Unit of Luminous Intensity 
{candle-power) is the international candle, such 
as resulted from agreements effected between 
the three National Standardising Laboratories 
of France, Great Britain, and the United 
States, in 1909. 

' A. P. Trotter, Ilium. Eng., London, 1914, vii. 
339. 

* “ Report of the Committee on Nomenclature 
and Standards of the Illuminatins Engineering 
Society,” Am. Ilium. Eng. Soe. Trans., l9l7, xii. 
438. 
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This unit has been maintained since then by 
means of incandescent electric lam2)s in these 
laboratories which continue to be entrusted 
with its maintenance. 

These laboratories are : the Laboratoire 
Central d’Electricit6 in Paris, the National 
Physical Laboratory in Teddington, and the 
Bureau of Standards in Washington. 

The International Candle is thus an arbitrary 
standard in terms of wiiich luminous intensity is 
measured. 

* (vi.) The Illumination at a point of a 
surface is the surface-density of the luminous 
flux at that point or the quotient of the flux 
by the area of the surface, when the latter, is 
uniformly illuminated. 

* (vii.) The Practical Unit of Illumination is 
the Lux. It is the illumination of a surface 
one square metre in area receiving a uniformly 
distributed flux of one lumen, or the illumina- 
tion produced at the surface of a sphere having 
a radius of one metro by a uniform point 
source of one international candle situated at 
its centre. 

In view of certain recognised usages, illumina- 
tion may also be expressed in terms of the 
following units : 

Taking the contimotre as the unit of length, 
the unit of illumination is the lumen per square 
centimetre ; it is knowji as the Phot. Taking 
the foot as the unit of length, the unit of 
illumination is the lumen per square foot ; it 
is known as “ Eoot-candle.” 

1 “ foot-candle ” = 10-764 lux 

1-0764 milliphot. 

(viii.) The Brightness of a luminous surface 
in a given direction is the candle-])ower per 
unit projected area of the surface in that 
direction. It is expressed in candles per square 
millimetre or per square metre.’- 

N.B . — Confusion has been caused in the past by 
the use of the illumination unit “ foot-oandlo ” or its 
modification “ equivalent foot-caudle ” to express 
brightness. Brightness should preferably be ex- 
pressed in terms of candles per unit area. 

(ix.) The Mean Horizontal Candle-power of 
a lamj) is the average candle-power in the 
horizontal plane passing through the luminous 
centre of the lamp. 

It is here assumed that the lamp (or other 
light source) is mounted in the usual manner, 
or, as in the case of an incandescent lamp, 
with its axis of symmetry vertical. 

(x.) The Average Candle-power of a lamp is 
the average value of the candle-power measured 
in all directions in space. It is numerically 
equal to the total luminous flux emitted by the 
lamp in lumens divided by 47r. This has* been 
generally termed the “ mean spherical candle- 
power,” and similarly the term “mean hemi- 

’ Normal brightness is the briglitness of a surface 
when viewed in the direction of its normal. 


I spherical candle-power ” of a lamj) (upper or 
lower) has been used for the average candle- 
power of a lamp in the hemis])here considered. 
It is recommended that for this purpose the 
name of the hemisphere in question should be 
added to the term “average candle-power,” 
thus : “ average candle-power (upper hemi- 
sphere).” In the past the term “Efficiency” 
has been generally used to denote the per- 
formance of a lamp in terms of the watts of 
electrical power consumed, divided by the 
luminous intensity in candies. It is recom- 
mended that this should be called the “watts 
per candle ” of the lamp. 

§ (3) -Fundamental Eelation oe Photo- 
metry. — From the fact of the rectilinear propa- 
gation of luminous radiation it at once folloAVS 
that, with a uniform point source : (a) the flux 
incident per unit area, on a very small surface 
normal to the direction of the light, varies as 
the inverse square of the distance of the 
surface from the source; and {b) the flux 
incident per unit area , on a very small surface 
at a given distance from the source, varies as 
the cosine of the angle between the normal 
to the surface and the direction of the light. 
Thus, if the distance between a surface and a 
luminous source so greatly exceeds the dimen- 
sions of both that these may be neglected by 
comparison, the illumination E of the surface 
varies (i.) directly as the candle-power J of 
the source in the direction of the surface ; 
(ii.) inversely as the square of the distance of 
separation, d ; (iii.) directly as the cosine of 



Fig. 1. 


the angle 0 between the normal to the surface 
and the line joining it to the source (see Pig. 1), 
or, in symbols, 

E = J cos 0/d\ 

The second and third of these laws are known 
as the “ inverse square law ” and the “ cosine 
law” of illumination respectively, and it is 
upon the equation just given that the whole 
of the science and practice of photometry is 
based. 

II. PnoTOMETBio Standards 

The standards to be dealt with in this 
article include two groups : (a) primary stand- 
ards, in terms of which the candle-powers of 
all sources are expressed; and (b) secondary 
standards, for practical use in everyday 
photometry. 

§ (4) Requirements oe Primary Stand- 
ards. — The conditions which a primary 
standard should fulfil are those required of any 
physical standard, viz. ease of reproducibility 
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from specification, maintenance of value 
over long periods, small correction factors 
for cliange of conditions such as barometric 
pressure, temperature, etc. In addition to 
these, a standard of candle-power must fulfil, 
as far as possible, the condition that the 
spectral distribution of its light shall ap- 
proximate to that of the light sources measured 
by comparison with it. This condition is 
due to the great difficulties introduced into 
photometry by difference of colour between 
the lights being compared (see § (102) et seq.). 



the candle-power of a luminous flame burning 
under specified conditions ; (ii.) incandescence 
standards, depending on the candle-power of 
a specified area of some solid or molten material 
at a given temperature. 

Of the flame standards the most important 
are the British standard candle, the Vemon- 
Harcourt Pentane I^amp, and the Hefner 
Amyl-Acetate Lamp. 

§ (6) Bkitish Stakdard. — (i.) The British 
candle was set up under the Metropolitan Gas 
Act of I860 as the official standard for the 



Many suggestions have been made at 
different times for the production of a satis- 
factory prima]’ 3 =' standard of oandje-power. 
None of these fulfils, even approximately, all of 
the conditions outlined above. Most are difficult 
to reproduce with sufficient accuracy and are 
greatly affected by change of exterior condi- 
tions. None fulfils the condition as to spectral 
distribution, the colour of the light being, in 
every case, much redder than that of the 
sources of light in common use to-day. 

§ (5) KIN-D.S OR Standards. — The proposed 
standards which liave so far received any 
degree of support may be divided into two 
groups : (i.) flame standards, depending on 


purpose of testing London gas. It was de- 
scribed as a spermaceti candle weighing one- 
sixth of a pound, and burning at the rate of 
120 grains per hour. 

(ii.) This standard has now been superseded 
for practical purposes by the pentane lamp 
devised by Yemon-Harcourt in 1877. This 
lamp is shown diagramraatically in Fig. 2. The 
.saturator A holds the fuel, liquid pentane, 
a highly inflammable and very volatile hydro- 
carbon distilled from petroleum. Tlnis 
saturator is filled to about two-thirds of its 
capacity before the lamp is lighted. The 
level of the liquid (observed through the 
window in the side of the saturator) is never 
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allowed to fall below one-eighth of an inch 
when the lamp is in use. The saturator is 
connected, by means of a wide india-rubber 
tube, with the burner B, which consists of a 
steatite ring pierced with 30 holes, and at 
which the issuing mixture of air and pentane 
vapdur is ignited. The rate of flow of the 
mixed vapour, and therefore the height of 
the flame, can be adju.sted by means of the 
stop-cocks Sj and S 2 on the saturator. The 
chimney tube CC is furnished near its base 
with a mica window, upon which is marked a 
hori^.ontal line 88 mm. above the bottom of 
the chimney. The chimney is set, by means 
of a cylindrical wooden gauge G, so that its 
lower end is exactly 47 mm. above the steatite 
ring burner. Surrounding the chimney CC is 
a concentric tube D up which a current of air 
is drawn by the heating of the chimney, and 
this heated air passes into the hollow .support- 
ing pillar E and so down through F to the 
centre of the steatite ring where it is used in 
the combustion of the pentane. It is important 
that the chimney CC be brought centrally over 
the burner B, and three screws are provided 
at the base for the purpose of making this 
adjustment. H is a conical -shade for protect- 
ing .the flame from draught. When in use, the 
lamp is set up with the pillar E vertical, and 
the stop-cocks S, and are so adjusted that 
the tip of the flame just rises to a level half- 
way between the bottom of the mica window 
in CC and the cross bar. (A slight variation 
in the height of the flame, however, does not 
affect its candle-power.) The mica window 
must, of course, be turned away from the 
photometer head, while H is turned so that 
the whole of the flame is visible from the 
photometer, except the portion at the top 
which is cut off by tbe lower part of the chimney. 
The saturator A is at first placed upon its 
bracket as far from the central column as 
possible and the lamp is left alight for at least 
a q^uarter of an hour before any photometric 
measurements are made. If it is found at 
the end of this period that the flame has a 
tendency to fall in height, the saturator is 
moved slightly towards the central column. 
In making photometric measurements all 
distances are reckoned from the centre of the 
flame, i.e. the geometiio centre of the steatite 
ring. 

(iii.) The Pentane Lamp as Standard. — 
When burnt imder standard conditions of 
temperature, pressure, and humidity, the pen- 
tane lamp is recognised as having a candle- 
power of ten international candles. For a 
more accurate and detailed specification of the 
lamp, and of the preparation of the pentane, 
the Notification of the Metropolitan Gas 
Referees for the year 1916, published by H.M. 
Stationery Office, should be consulted. A copy 
of this notification, together with worlung 


drawings of the pentane lamp, is deposited 
at the National Physical Laboratory, and may 
be there consulted. 

• The value of the candle-power of the pentane 
lamp depends on the humidit 3 '' and barometric 
pressure of the atmosphere in which it is 
burning. Several determinations have been 
made of the effect of these variables on the 
candle-power of the lamp. The latest is that 
of C. C. Paterson and B. P. Budding at the 
National Physical Laboratory,^ and for the 
details of their experiments their original 
work should bo consulted. The result they 
obtain is given by the formula 

C.P. =10{l-i- 0-0063(8 -e) - 0-00085(760- 6)}, 

where C.P. represents the candle-pow'er of the 
lamp when burning in an atmosphere at a 
pressure of b mm. of mercury with a humidity 
of e litres of water-vapour per cubic metro 
of the moist air. The constants of the above 
equation agree exceedingly well with those 
given by Butterfield, Haldane, and Trotter,^ 
but Rosa and Crittenden ® find values for the 
constants which are notably lower than those 
given above, viz. 0-00567 and 0-0006. It has 
been suggested that this difference in the 
constants may be accounted for on the 
assumption that the lamp really possesses 
a temperature coefficient, but that as humidity 
and temperature are so closely related in any 
one locality, their separate effects cannot be 
determined by the usual method of observa- 
tion. Differences in the relation between 
these two quantities at Washington and at 
Teddington might explain the observed 
differences in the humidity coefficients found 
at these two places. The values of the con- 
stants are obtained from a very large number 
of comparisons with an electric glow-lamp 
sub-standard of the same colour, observations 
being made under all available conditions of 
pressure and humidity. The most probable 
values of the constants are then found by the 
method of least squares. The value for tlse 
humidity correction found in 1917 by K. 
Takatsu and M. Tanaka * was 0-00638, and 
they suggest that the different value found 
in America may be due to the use of a Iiood 
and ventilating duet, if the effect of this is not 
the same at all humidities. 

§ (7) The Hefner Lamp. — The standard 
of candle-power adopted as legal in Germany 
and some other Exirnpean countries is the 
lamp devised in 1884 by von Hefner Alteneok 
and showm in Fig. 3. It consists of a con- 
tainer C, made of brass, 70 mm. in diameter 
and 38 mm. high. It holds about 115 c.c. 

‘ “ The Unit of Candle Power in White Light,” 
Phys. Soc. Proc., 1915, xxvii. 281. 

“ Joum, of Qas-Lighting, 1911, cxv. 88. 

’ Am. lUum. Eng. Soc. Trans., 1910, v. 763. 

* Electro-Techn. Laborat., Dept, of Communica- 
tions, Tokyo, Oct. 1917, 
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of amyl acetate, a specially pure grade of 
this compound being required for photo- 
metric purposes. The liquid should always be 



emptied out of the container when the lamp 
is not in use, as otherwise corrosion is liable 
to take place even though the inside of the 
container be tinned or nickel-plated. A thin 
German silver tube T, constructed very 
accurately to the dimensions of 25 mm. in 
height, 8 mm. in internal diameter, and 0-15 mm. 
in thickness of metal, holds a wick of 15 to 
20 strands of untwisted cotton which can be 
adjusted in height by means of the screw S. 
G is a gauge consisting of a lens and ground 
glass screen with a horizontal cross-line. The 
lens forms an inverted image of the flame on 
the screen, and by this means the tip of the 
flame can be very accurately adjusted to the 
correct height of 40 mm. above the level of 
the tube. The candle-power of the flame 
depends appreciably on its height, and one of 
the chief disadvantages of this standard is 
the fact that the flame is very lambent and 
sensitive to draught, so that in the absence of 
any chimney its use is attended with great 
difficulty for practical measurement. 

Liebenthal finds that a variation of 1 mm. 
in the height of the flame causes 2-7 per cent 
change in candle-power. The gauge on the 
lamp may be raised 4 mm. to permit adjust- 
ment of the flame to a height of 44 mm., at 
which height'tb^ candle-power has been found 
to approximate very closely to the unit derived 
from the pentane lamp. 

With the Hefner, as with the pentane lamp, 
allowance has to be made for pressure and 
humidity of the air. The formula in the case 
of the Hefner lamp is 

C.P. = 1 + 0-006(8-8 - e) - 0-00011(760 - 6% 
where e and b have the same meaning as before.^ 

§ (8) The Carcel Lamp. — T he flame 
standard officially adopted in France for 

^ E. Ott, Journ. of Gas-Lighting, 1016, cxxxii. 378; 
and Electrician, 1915, Ixxvi. 227. 


gas -testing is the Carcel lamp, which is a 
lamp burning colza oil with an Argand burner 
and glass chimney. The wick js continually 
supphed with oil by means of a clockwork 
pump, and the correct candle-power is ob- 
tained when the rate of oil consumption is 
42 gm. per hour. In actual use the wick 
is adjusted to give approximately this con- 
sumption, and a correction is applied for the 
departure from tliis theoretical value. The 
actual consumption is obtained by burning 
the lamp on a form of balance, and noting 
the time at which the lamp loses ten grammes 
in weight. The difficulties attending the use 
of this lamp are very great, and different 
observers are unable to obtain results either 
consistent among themselves or in agreement 
with one another. 

§ (9) The Violle Standard. — Of the in- 
candescence standards which have been pro- 
posed two require some description, viz. the 
Violle platinum standard, and the positive 
crater of the carbon arc. The former, which 
was proposed in 1881 by Violle, is the light 
from one square centimetre of a surface of 
molten platinum at the temperature of solidi- 
fication. The Violle standard, on account of 
its obvious theoretical advantages, has been 
regarded as a promising advance on the exist- 
ing flame standards, and unsuccessful attempts 
have been made at varjons times to place it 
on a satisfactory practical basis. The most 
recent careful work on this standard is that 
of Petavel,® who used a semicircular bar of 
platinum heated by an electric current to 
such L temperature that the inner core of 
the bar melted while the outer shell remained 
solid. The second form of the standard on 
which he made measurements was an ingot 
of platinum fused in a crucible of pure lime 
by means of an oxy-hydrogon blow-pipe. The 
metal was first completely melted and then 
heating was stopped and photometric measure- 
ments of the brightness were made at 10- 
second intervals during cooling. The readings 
when plotted showed a constant value over 
the region corresponding to the time of 
solidification, and the mean of the observations 
at this period was taken as the value required. 
It was found that the values obtained by this 
method did not depend on the shape or mass 
of the ingot, but that the effect of contaminating 
the platinum with either silica or carbon was 
very marked. Petavel’s final conclusion was 
that the probable variation in. the light emitted 
by molten platinum under standard conditions 
was not greater than one per cent, and that 
with more experimental refinements an even 
greater accuracy than this might be attainable. 
It cannot be said, however, that one per cent 
is sufficient to bring the Violle standard, with 
its additional disadvantage of redness of light, 
“ Roy. Soc. Proc., 1899, Ixv. 481. 
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into serious comiaetition Avith the existing 
standards. 

§ (10) LxjMMETl-KtrRLBATIM StAKDAKD. — 
One other platinum standard which has been 
proposed, and may be mentioned in pass- 
ing, is that of Lummer and Kurlbaum. 
This consists of the light emitted by one 
sq. cm. of a platinum strip raised to such a 
temperature that a layer of water 2 cm. in 
thickness transmits 10 per cent of the total 
resultant radiation. This ratio is determined 
by means of a bolometer. Although this 
standard is used at the Physikalisch-Technische 
Reichsanstalt for the checking of Hefner 
lamps, Petavel has found {loc. cit.) that the 
bolometer method of temperature adjustment 
is not sufficiently exact to enable this apparatus 
to fulfil the conditions of a primary standard. 

§ (11) Carbon Aro Standard. — The other 
incandescence standard, on which a con- 


siderable amount of work has been done by 
Morris, Forrest,^ and others, is that provided 
by a square millimetre of the positive crater 
of a carbon arc operating under conditions 
designed to ensure steadiness. In the Forrest 
arc (Fig. 4) two negatives are employed, each 
at an angle of about 100° with the positive. 
Under these conditions, and using carbons of 
8 mm. diameter with a total current of 7 to 
10 amperes, it was found that the brightness 
of the crater was uniform over the whole of 
its surface, and photometric measurements 
were made of the candle-power per sq. mm. 
by inserting in front of the crater at D a 
small diaphragm of accurately known dimen- 
sions. Forrest found that the aro would work 
quite silently over a considerable range of 
currents, and that the crater brightness was 
independent of the current under these con- 
ditions. The value he obtained was 172-174 
candles per sq. mm., and more recent ’work 
on the same lines by Allen® has confirmed 
his general conclusions and gives 176 candles 
per sq. mm. as the intrinsic brightness of the 
positive crater of a silent arc. 

An advantage which this standard possesses 

^ Electrician, 1913, Ixxi. 729 and 1007. 

* Phys. Soa. Proa.,, 1921, xxxiii. 62. 


over any other is that the colour of the light 
is bluer than that of most present-day sources, 
a difference ivliich will diminish as the efficiency 
of practical illuminants increases. 

§ (12) Black Body Standard. — The pro- 
posal to use a definite area of a total radiator 
(black body) at some definite temperature 
has been made during recent years,® and as 
early as 1908 Waidner and Burgess sug- 
gested the use of one sq. centimetre of a 
black body at the temperature of melting 
platinum. The chief difficulty is that, as with 
all incandescence standards, the light emitted 
varies as a high poAver- of the tempcratiire of 
the radiator, so that the accuracy of the 
temperature measurenients neods to be at 
least ton times as great as the desired 
accuracy of the light standard. 

§ (13) Glow -LAMB Sub - standards. — 
Finally, it is necessary to describe the 
electric glow - lamp sub- 
standards Avhich are used 
for daily work in practical 
photometry. Specimens of 
such lamps as used at the 
National Physical Laboratory 
are shown in Fig. 5, some 
having carbon and some 
drawn tungsten filaments. 
In the case of the latter the 
filaments are disposed in 
grid formation so that the 
plane of the whole filament 
can be brought accurately 
over any mark on the 
photometer bench. Such standards as those 
can be operated at any given efficiency so that 
an approximate colour match may bo obtained 


Fig. 6. 

Avith the source with which they are to be 
used. Paterson has found ^ that, if not 
overrun, these lamps wiU maintain their 

“ B. Warburg, Zeits. Vereines Beulscli. Ing., 1917, 
XXX. 3-10. 

" Inst. El. Eng. Journ., 1907, xxxvili. 287, and 
Phys. Soc. Proc., 1916, xxvil. 270. 
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candle-power values for many hours of burning, 
so that if used only for a few minutes each 
day, they do not need recalibration for long 
periods. For this reason they have very 
largely superseded the actual primary standards 
in everyday photometry, and standards such 
as these, after comparison with master stand- 
ards at a National Laboratory, arc used .in 
moat photometric laboratories for practical 
work. Since the candle-power of a carbon 
filament varies as the sixth and that of a 
tungsten filament as the fourth power of the 
voltage applied to it, it is necessary to make 
the electrical measurements with 4 to 6 times 
the accuracy required of the candle-power 
measurements. With proper battery supply 
and potential measuring apparatus, however, 
this presents little difficulty. 

§ (14) Relative Values of the Stand 
ARDS. — The following table summarises the 
relative values of the different standards 
above described. 

Table I 



Pentane, 

Hefner. 

Carcel. 

Violle. 

Pentane 

1 

IM 

■ 1-05 

0-5 

Hefner . 

0-09 

1 

0 094 

0-045 

■ Carccl . 

0’9G 

10-6 

1 

0-48 

Viollo . . 

2-0 

22 

2-1 

1 


Since 1909 the standard derived from the 
lO-candlo pentane lamp has been adopted 
by the National Laboratories of Franco, 


measurement of illumination at a given 
position. 

In the case of the former class the two 
sources are generally placed one on either side 
of the photometer, and their respective dis- 
tances from the comparison surfaces in the 
instrument are then adjusted until equality 
of brightness is obtained. Assuming both the 
surfaces to have the same reflection ratio, 
and to be equally inclined to the incident light, 
this condition gives the distances at which the 
two sources produce equal illuminations, and 
hence the candle-powers of the sources (in 
the direction of the photometer) are in the 
same ratio as the squares of their respective 
distances from the photometer surfaces. 

§ (15) The Bunsen Photometer. — As a 
convenient example, the simp)le form of the 
■Bunsen Grease-Spot Photometer may be 
described.. This consists of a sheet of oi)aque 
white paper rendered translucent over a small 
circular region in its centre by the application 
of paraffin-wax. This sheet S {Fig. 6) is 
mounted in a box which is blackened on the 
inside and provided with two mirrors MM 
by means of which the two sides of the sheet 
may be simultaneously observed. Tlie box is 
mounted between two sources of light, the 
sheet of paper being perpendicular to the line 
joining them, and is moved to and fro along 
this line until the observer obtains an identical 
appearance for the two sides of the i^aper as 
viewed in the mirrors. The candle-powers of 
the sources are then in the ratio of the squares 


Great Britain, and U.S.A., and has 
been subsequently preserved by means 
of glow-lamp sub-standards. This is 
now termed the International Candle, 
and is equal to the old French “ Bougie 
ddcimale.” 

III. Photometric Methods 

As has already been stated in the sec- 
tion on General Photometric Principles 
{q.v.), the comparison of light sources 
is always made by comparing the 
brightness of surfaces illuminated by 
these sources. Thus every photometer is 
essentially an instrument for the ready com- 
parison of brightness. Photometers may, 
however, be grouped in two classes accord- 
ing as they are primarily intended for the 
comparison of light sources, or for the 



of their distances, d^, d^, from 
the paper sheet in the jihoto- 
meter head, i.e. if and Jj 
are the candle - powers of the 
sources in the direction of the 
photometer, then 

§ (16) Illumination Photo- 
METERS. — The principle of an 
illumination photometer is 
Fig. 6. somewhat different. This in- 

strument is used for deter- 
mining the illumination at a given position 
by placing a matt white surface in that 
position and measuring its brightness by 
comparison wdth that of another surface con- 
tained in the instrument. The illumination 
of this surface is variable at ivill by the motion 



PHOTOMETRY AND ILLUMINATION 


417 


of some part of the instrument, so that, with 
a scale previously calibrated-, the value of the 
illumination of the outside surface can be at 
once obtained. Fig. 1 shows a typical form of 
illumination photometer. 

P is the photometer case containing L the 
electric lamp, S 2 the surface whose brightness 
can be varied by moving L, and E an eye- 
piece. Si is the other surface placed at the 
point at which it is desired to measure the 




Si 

< — 1 

rio. 7. 

illumination produced by lamp F. The sur- 
faces Si and S 2 are observed simultaneously 
through E, and the handle H is moved until 
Si and Sa appear equally bright. As the 
movement of the handle regulates the illumina- 
tion at Sa each position taken up by it corre- 
sponds "With some definite illumination. These 
illuminations are marked on a scale over which 
moves a pointer attached to the handle, so 
that when there is equality of brightness the 
scale reading indicated by the pointer gives 
at once the value of the illumination at Si, 
which was desired. 

§ (17) MobEUN Methobs oe Photometey. 
— Modem photometry, as far as it is conoemed 


with the comparison of light sources, and 
their measurement in a given direction by 
comparison with standard sources, depends 
on the use of a comparison photometer of the 
most sensitive type available, together with a 
photometer bench specially designed for the ac- 
curate determination of the distances involved. 

§(18) The Ltjmmer-Brodhtin Photometer. • 
— The form of photometer head generally 
employed for work of the highest accuracy 
with lights of the same colour is the Lummer- 
Brodhun contrast type, the first form of 
which was described in 1889, though it has 
undergone several improvements since that 
date. The principle on which the instrument 
works will be best understood from Fig. 8, 
which shows on the left a plan view of the 
interior of the photometer head, and on the 
right an enlarged view of the prism system P. 

S is a central screen (apiDroximately 4 mm. 
thick) constructed of white plaster with as 
matt a surface as can be obtained. The two 
sides of this screen are respectively illuminated 
by light from the two lamps to be compared. 

and Mg are total reflection prisms, and by 
means of these the light from the two sides 
of the screen is brought to opposite faces of 
the prism system P. 

This system, as may be more clearly seen 
from Fig. 8a, consists of two right-angled 
prisms placed with their hypotenuses in 
contact. The hypotenuse of the left - hand 
prism, however, is sand-blasted with the 
pattern shown shaded in Fig. 8b, and thus the 
only parts of the two prisms which are in 
optical contact have the form of the white 
pattern in that figure. The result is that 
light passing into prism Pj^ is transmitted 
without change to prism P^ in the pattern 
shown white in Fig. 8b, while the pattern 
shown shaded in that figure is the i>attern over 
which total reflection takes place in prism Pj, 
i.e. the pattern over which the light from Mg is 
seen by the observer at 0. In effect, there- 
fore, the observer at 0 sees a pattern of this 
form in which the brightness of the shaded 
portion is due to light from the right-hand 
side of S, while the brightness of the white 
portion is due to light from the left-hand side 
of S. Clearly, when the two sides of S have 
the same brightness the pattern will disappear. 

Disappearance, however, is not the condition 
of which the eye is capable of judging most 
sensitively, and therefore sheets of glass 
and Gi are inserted as shoivn in Fig. 8a, so 
that the light forming each of the rhomboidal 
patches is reduced by 8 per cent, and the 
condition to be arrived at is then equality of 
contrast between the patch and its back- 
ground, in both halves of the field of view. 
The - observer is provided with a telescope 
at 0, by means of which the pattern of the 
field is brought into accurate focus for his eye, 
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as without sharpness of focus it is difficult to 
obtain accurate settings of the photometer. 

The whole of the optical part of the ap- 
paratus is mounted rigidly in a brass box 



which is capable of rotation about a horizontal 
axis. Further, the screen S can be removed 
for alignment of lamps on the bench, or 
for reversal of screen to eliminate differences 
due to lack of equality in reflection ratio of 
the two plaster surfaces. The photometer 
windows are provided with brass shutters. 


occasions and using the method of procedure 
described later in -this section, 

§ (19) The Photometer Bench. — The 
photometer bench must next be described. 




The pattern designed and used at the 
National Physical Laboratory is shown in 
general view in Fig. 9. It consists of two 
straight steel bars, 3000 to 5000 mm. long, 
supported rigidly at intervals, the distance 
between the bars being 300 mm. Carriages, 
one of which is shown to a larger scale in 



and these should always he kept closed when 
the instrument is not in use, as otherwise 
both the plaster screen and the glass surfaces 
of the prisms become dusty, and the field of 
view is covered with specks so that the accuracy 
of the readings is much impaired. With ex- 
perienced observers, lights of the same colour 
can be compared with this photometer to an 
accuracy of 0-1 per cent by taking the mean 
of a number of observers working on several 


Fig. 10, support the lamps to be compared, 
and the photometer head. These carriages 
consist of aluminium base plates B supported 
on three rollers with V-shaped grooves which 
run smoothly along the bars of the bench. The 
centre upright of the carriage has an adjust- 
ment for raising arid lowering the plate P, and 
the latter is also capable of rotation about its 
axis, and carries a scale of degrees, so that it 
may be brought to any desired position. 
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Different fittings are attached to the Tarious 
carriages according to the particular apparatus 
which they are intended to bear. The speci- 



men shown in Fig. 10 is designed to hold a 
lamp. Others are adapted for carrying a 
rotator, apparatus for polar curve measure- 
ments, or a photometer head 
and screening system. 

Sub-standards and com- 
parison lamps are mounted 
in specially designed holders, 
with tubular stems (as shown 
in Fig. 11) which fit into a 
central hole in the carriage 
pillar, a slot S at the bottom 
engaging in a key at the base 
of the hole, so. that when a 
definite mark on the degree 
scale of the table is opposite 
the pointer the lamp 
is in a definite posi- 
tion with respect 
to the axis of the 
bench. 

Test lamps are 
accommodated in special 
holders which have sockets 
designed to take lamps with 
ordinary standard caps. 
These holders terminate in 
tubular stems similar to 
those on the sub-standards, 
and they are provided with 
two pairs of leads, both of 
which are soldered to those 
parts of the sockets which make the contacts 
with the lamp cap. One of these pairs of 
leads is used for supplying current to 
the lamp, while the second pair is used 
for voltage measurement. In this way the 
voltage is measured at points which are as 





Fig. 11. 


near as possible to the actual lamp contacts, 
and no allowance has to be made for voltage 
drop in the supply leads. Each pair of leads 
is connected at its free end to a special form 
of ebonite holder, which is designed to facilitate 
connection with terminals carried on a small 
ebonite board at the end of the bench {Fig. 12). 

The carriage bearing the photometer head 
also carries a steel bar along which are placed. 



at convenient intervals, a number of blackened 
aluminium screens with varying sizes of 
apertures. The relative sizes of the screens 
and their apertures, and the intervals at which 
they are placed along the bar, are so related 
that the screen of the photometer head is 
completely shielded from rays of light proceed- 
ing from anywhere but a narrow region 
surrounding the lamp to be measured (see 
Fig. 13). When the bench is in use black 
curtains are hung on either side of it throughout 
it.s length, and black velvet screens are placed 
behind the lamps being compared, so that, as 
far as possible, stray liglit is completely 



prevented from reaching the photometer. 
One source of stray light which is sometimes 
found to give trouble is the specular reflection 
of the light from the lamp by the poUshod 
surfaces of the steel rods of which the bench 
is composed. This may be avoided by ebonis- 
ing the rods (though even in this case specular 
reflection still takes plane) or, better, by 
covering the rods at the half-way point with 
a piece of black velvet. The importance of 
adequate screening cannot be overestimated 
in accurate photometric work. 

§ (20) Peookdttrh in making a Photo- 
metric Measurement. — The photometric 
procedure adopted at the National Physical 
Laboratory may be conveniently described 
by analogy with the double-balance method 



420 


PHOTOMETRY AND ILLUMINATION 


of ■weighing. As in this method the object 
whose mass is required is first balanced by 
an unknown mass of sand and is then re- 
moved from the scale pan and replaced by 
weights sufficient to balance the sand again, 
so in this method of photometry a lamp of 
unknown candle-power is used on the right- 
hand side of the photometer bench, and 
this is termed the “ comparison lamp.” The 
carriage holding this lamp is clamped to the 
carriage holding the photometer head by means 
of a bar of convenient length, so that the two 
carriages may be moved as one unit and the 
illumination on the right-hand side of the 
photometer head remains constant (see Fig. 9). 

To adjust this illumination to 10 metre- 
candles a glow-lamp sub-standard of accurately 
kno'wn candle-power is placed in a carriage 
at the zero mark on the left-hand end of the 
photometer bench. The distance of this lamp 
from the photometer head, which gives an 
illumination of 10 metre-candles on the screen, 
being accurately kno'wn, the corresponding 
distance for the comparison lamp (termed its 
“ fixed distance ”) is found by photometric 
balance between the two. In actual practice 
this fixed distance is found as the mean of 
observations •with four or five sub-standards 
and two or more observers, depending on the 
accuracy of the work to be undertaken. The 
distance between the photometer head and the 
comparison lamp is then fixed, by means of the 
bar, at the value thus obtained, and the bench 
is then ready for the measurement of the test 
lamps. 

A test lamp having been placed in the left- 
hand carriage of the photometer bench, and 
the axis of its filament (or mean plane of 
filament when dealing with grid filaments) 
ha-vlng been carefully adjusted to be over 
the zero of the photometer bench, the observer 
makes a number of settings of the photometer 
head. An assistant notes these do'wn, and 
the square of the mean distance in metres 
multiplied by 10 gives at once the candle- 
power of the test lamp in the direction of the 
photometer. It is generally the case that 
two observers wiU obtain values for the fixed 
distance of the comparison lamp differing 
by several millimetres in 1300 to 1500 (the 
distance for a lamp giving about 20 candles). 
It is therefore customary to set the fixed 
distance at the value found by one observer 
and to correct the observations of the other 
observers so as to make these correspond 
■with the fixed distances found by them. 

It may be mentioned in passing that the 
observer at the photometer head never sees 
his o-wn readings until they are all taken and 
entered up, so that he has no chance of being 
unconsciously biassed in one direction or 
another. For really accurate work, such as 
the standardisation of sub-standards, where 


values are certified to an accuracy of a 
quarter per cent, the procedure above outlined 
is gone through on three or four separate 
occasions, as it is found that the relative values 
obtained by two or more observers ■will differ 
slightly from day to day, so that it is desirable 
to have the mean results of several days’ 
observations. 

(i.) Errors . — It will be seen that this method 
of photometry avoids four of the errors to 
which a simple comparison of test lamp 
■with standard is liable. These errors are: (i.) 
photometer screen error, (ii.) zero error of 
photometer head, (ui. ) unequal reflections from 
extraneous objects at the two ends of the bench, 
and (iv.) observer’s personal error. The first of 
these errors, due to lack of symmetry in the 
photometer head, as has already been men- 
tioned, can be compensated by reversing the 
photometer head, but this does not apply 
to the other errors, which still remain imlesa 
a substitution method is employed. 

It will be clear that the bench, in addition 
to its millimetre scale, may bear a “ square ” 
scale so graduated that the position of the 
photometer head, when the illumination is 
equal to 10 lux, gives the candle-power of 
the test lamp directly -without calculation ; 
for ■with a reading of n millimetres the candle- 
power is («./1000)2 X 10 candles. It wifi be 
noticed that no allowance has been made 
above for the thickness of the plaster screen 
of the photometer head. If the distances of 
the two lamps from the photometer are 
approximately equal, or even in the ratio of 
2 to 1, with distances of 1300 mm. or over, 
the error introduced by this neglect does not 
exceed 0-15 per cent. For work at short and 
unequal distances, however, the semi-thickness 
should be subtracted from the distance of the 
test lamp, assuming that the distance of the 
sub-standard has been given as that necessary 
to produce an illumination of 10 metre-candles 
on the actual surface of the photometer screen. 

(ii.) Alternative Method. — It sometimes 
happens that the method of fixed distance 
described above is not practicable, either 
on account of the high candle-power of 
the test lamp and insufficient length of the 
bench, or when measuring a source in a 
number of positions in which the candle- 
power varies over a -wide range. In this 
case it is necessary to fall back on actual 
candle-power measurements of the comparison 
lamp, and the use of the inverse square la'W, 
both lamps being held stationary, while the 
photometer head alone is moved. In this 
case, if d is the distance between the t'wo 
lamps, J the candle-power of the comparison 
lamp, and x the distance of the photometer 
head from the test lamp, the candle-power of 
the test lamp is given by the formula 
Jx^j(d-x)\ This method, of course, involves 
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much more calculation than the fixed distance 
method. 

For the measurement of very high candle- 
power sources at the National Physical 
Laboratory, a 3 -metre photometer bench is 
mounted on a table fitted with rollers, 
which move along a rail track 30 metres in 
length. 

§ (21) Best IiiUMiNATiON. — ^An important 
factor which has to receive consideration in 
accurate photometry is the degree of illumina- 
tion desirable on the photometer screen. It 
seems to be generally agreed that an illumina- 
tion of between 5 and 20 metre-candles is that 
at which the eye is capable of giving the best 
results with the Lummer-Brodhun photometer 
head. Outside these limits the accuracy of 
judgment of equality begins to diminish. 

(i.) Absorbing Screens. — In the case of 
very high candle-power sources of light it 
is sometimes inconvenient or impossible to 
place these sufficiently far from the photo- 
meter to give the desired degree of illu- 
mination, and various methods have been 
proposed for reducing the intensity in a de- 
terminable ratio. One such method, the use 
of a neutral - tuited glaSs plate (or double - 
wedge), placed in the path of the light, has 
the disadvantage that truly neutral glass is 
unobtainable, so that in practice it is necessary 
to determine the transmission ratio of a given 
specimen of glass absorber by means of light 
of exactly the same colour as that with which 
it is intended to be used. An alternative is 
that proposed by Tves and Luckeish,’- and 
elaborated by Kriiss.^ This consists of two 
glass plates ruled with fine opaque black lines, 
exactly equal in breadth to the spaces between 
them. These two plates sfide one behind the 
other, and so a variation in transmission of 
60 per cent to zero can be obtained. 

(ii.) The Sector Disc . — The moat generally 
used apparatus for the purpose, however, is 
the sector disc in one of its many forms. 
The pattern devised and used by Abney is 
shown in Fig. 14, and possesses the advan- 
tage that the angle of the sector openings 
can be varied while the disc is in motion. 
The disc is placed so that its upper portion 
alternately intercepts and transmits the beam 
of light which it is proposed to rediroe. The 
shaft carries near one end a grooved pulley 
driven at any desired speed by an electric 
motor. At the other end is a disc A, of 
which three equal sectors have been re- 
moved, except by the shaft and the rim. A 
second, exactly similar, disc is placed behind 
this one, and is rigidly attached to a flange 
fixed to a sleeve which slides on the shaft, 
and has a pin engaging in a spiral groove out 
in the shaft. Thus, the longitudinal position 

^ Phys. Rev., 1911, xxxli. 622. 

® Zeits. InstrumentenJr,., 1917, xxxvil. 109. 


of the sleeve along the axis of the shaft controls 
the relative positions of the two discs, and so 
the width of the sector openings is callable 



Fig. 14. 


of control by means of a grooved wheel 
attached to the sleeve and acted upon by a 
pin in a lever L, which moves over a divided 
scale S. It has been shown by E. P. Hyde ® 
that the transmission ratio of a disc of this 
kind, if due precaution be taken to avoid 
stray light, is accurately the same as the ratio 
of the total angle of opening to 360°. Of 
course, the smaller the opening the more the 
accuracy of the transmission ratio depends 
on the accuracy with which the sectors are 
cut, and for this reason it is not generally 
advisable to use openings smaller than 10° with 
a disc of ordinary construction. The speed 
of rotation has to be adjusted until all flicker 
of the field disappears, and therefore needs 
to be higher the smaller the transmission 
ratio. 

§ (22) Error dtie to Size of Sotooe. 
— An important consideration in the photo- 
metry of sources of light of large dimensions, 
or where the candle-power is so small that the 
distance from the photometer has to be made 
comparable with the dimensions of the source, 
is the limit at which the ipvorse square law 
may be taken to apply with the necossaiy 
accuracy. This law is, of course, only strictly 
applicable to a point source of light, and in 
the practical case of a source of finite dimen- 
sions, the illumination of the photometer 
screen is the sum of the partial illuminations 
due to aU the elementary portions of which 


A 



B 

Fig. 16. 


the source is composed, the inverse square 
and cosine laws being applied to each such 
elementary portion separately. Thus, in the 
case of a circular disc AB {Fig. 15), the illumina- 
“ Bureau of Standards Bull., 1900, Ii. 1. 
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tiori of an elementary surface at a point 0 
along the axis of the disc, due to an element 
of the disc of area a situated at its centre, is 
al/a^, where I is the normal brightness of the 
disc. If the disc is a perfect diffuser, the 
amount of flux it emits in any direction is 
proportional to the cosine of the angle which 
that direction makes with the normal to the 
surface. The illumination produced by a 
similar element at A, therefore, is only 
al cos^ djAO^, for the amount of flux emitted 
by the disc per unit area in the direction of 
AO is I cos 6, and since this meets the surface 
at 0 at an angle 6 with the normal to that 
surface, the fllumination is again subject to 
the factor cos 6. Hence the illumination at 
0 due to A is al cos^ djaK By integrating 
this expression over 
the whole disc it is 
found that the 
illumination at O 
due to the whole 
disc is r®E/(a^ + r^), 
where r is the radius 
of the disc and E 
is the illumination 
calculated on the 
assumption that the 
size of the disc is 
negligible in com- 
parison with its 
distance from O. 

Similarly it may be 
shown that for a 
single straight fila- 
ment of length 21 
the illumination at 
an elementary 
surface distant a 
from its centre is 
E/2[a/i tau"^ Z/a + + Z®)], where E has 

the same meaning as before. Clearly, in 
these two particular examples, if the error 
is not to exceed 0-2 per cent, then in the 
first case rja must not exceed 4-5 per cent, 
and, in the second case, Z/a must not exceed 
4 per cent. In Fig. 18 are given graphs of 
the percentage errors introduced by assum- 
ing discs or lines of various dimensions to 
behave as absolute point sources. These 
graphs give therefore the dimensions of the 
largest sources for which the inverse square 
law may be assumed to hold to any desired 
degree of accuracy. 

§ (23) Vauxation op Candle-power with 
Voltage. — As has been already stated above, 
the candle-power of electric glow lamps varies 
at a much more rapid rate than the voltage 
applied to the filament. Actually it has been 
found that for tungsten filament vacuum 
lamps, a voltage change of 1 per cent causes 
a 3-7 per cent change of candle-power, while 
for carbon filament lamps this change is as 


much as 5 per cent. For tungsten filament 
gas-fiUed lamps the figure is generally not 
much different from that for tungsten filament 
vacuum lamps. For tungsten the change pro- 
duced by a given current variation is approxi- 
mately half that produced by the same per- 
centage change of voltage. 

(i.) Voltage Regulation . — From this it will 
be seen that to attain an accuracy of one- 
tenth per cent in candle-power measurements 
it is necessary to ensure that the electrical 
measurements and regulation shall be accurate 
to at least 0-02 per cent. Either voltage 
or current regulation may be employed ; 
the latter has the advantage that it is not 
necessary to ensure that the electrical measure- 
ments are made at the terminals of the lamp, 
but the former 
method has the 
advantage of greater 
sensitivity, and is 
the metliod gener- 
ally employed in 
photometric labora- 
tories. 

(ii.) Voltage and 
Current Measure- 
ment. — For worlc 
where an accuracy 
of 1 per cent in 
candle-power is the 
best aimed at, in- 
dicating instruments 
of a large scale pre- 
cision type are good 
enough if constantly 
checked against a 
standard cell and 
accurate potentio- 
meter. For more 
accurate work, -however, a potentiometer 
method of voltage measurement must be 
employed, and it is essential that the volt- 
age of the supply shall be absolutely free 
from momentary fluctuations. In the most 
accurate work a storage battery, of reasonably 
high capacity for the loads to be taken, is 
essential. The leads from this supply are 
brought through adjusting resistances to the 
current terminals on the photometer bench. 
From the voltage terminals, leads are carried 
to the terminals of a potentiometer, which is 
repeatedly checked during the course of a day 
against a standard Weston cell. If measure- 
ments of the current passing through the lamp 
are also desired, it is necessary to introduce 
into the mam circuit of the lamp an accurately 
measured resistance capable of carrying the 
current without sufficient change of tempera- 
ture to affect the value of the resistance. The 
voltage across the ends of this standard resist- 
ance can then be measured by means of the 
potentiometer and the value of current deduced. 



Eig. 16 . 
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Frequently, when using two electric lamps 
on the bench at the same time, it is convenient 
to be able to have a constant indication of the 
voltage on each lamp, and in this case an 
electrostatic voltmeter may be usefully em- 
ployed on the comparison lamp circuit. This 
lamp has normally to be run for a considerable 
length of time at a constant voltage, and 
therefore a voltmeter with a sufficiently 
enlarged scale (that used at the National 
Physical Laboratory has a scale of 12 feet 
radius on which one volt is represented by a 
length of inches) ^ may be used for main- 
taining a watch on its voltage. The indication 
of this voltmeter has to be checked at intervals 
throughout the day on account of the slow 
upward creep due to the lag of the suspension. 
With this arrangement, the potentiometer is 



Fig, 17. 


free to give a constant indication of the 
correctness of the voltage on the test lamp or 
sub-standard. A sketch diagram of the 
electrical connections is given in Fig. 17. 

§ (24) Other Types op Photometer. — 
The above is a general description of the 
methods usually followed when using a com- 
parison photometer of any ordinary type and 
for the purpose of illustration; the Bunsen 
grease spot and the Lummer-Brodhun contrast 
photometers have been described. The method, 
however, is perfectly independent of the 
particular form of photometer head employed, 
and some of the other types which have heen 
devised must now be described. The total 
number of these is very large, and it is im- 
possible to do more than give a brief outline 
of a few of the best known in the space here 
available. For the others, a text - book on 
photometry, such as that of Liebenthal, 
PraJctische Photometrie, or Trotter, Illumina- 
tion, Its Distribution and Measurement, should 
be consulted. All of them depend, of course, 
on the comparison of brightness, but the 
arrangement of the surfaces to be compared 
and the form of the line of separation differ 
in the different instruments. Further, while 
the majority depend 6n the law of inverse 

^ “ Photometry at the National Physical Labora- 
tory,” Ilium. Eng., London, 1908, i. 845. 


squares for the variation of the illuminations, 
some use other means, such as polarisation, 
for this purpose, so that in these latter instru- 
ments the sources and the photometer are not 
altered in relative position while the measure- 
ments are in progress. 

Of the first class, depending on the inverse 
square law, the Rumford, the Harcourt Gas 
Referees, the Ritchie, Conroy, Thomson- 
Starling, Joly, and Trotter types will be 
described, while the Martens will be taken as 
a model of the polarisation type. 

§ (25) The Rtjmeord Photometer. — The 
earliest form of photometer capable of ac- 
curate work was designed by Count Rumford in 
1793, and consisted of two vertical cylindrical 
rods Rj Rj {Fig. 18), contained in a blackened 
box at the meeting-point of two tables. The 
tables carried the two sources to be compared, 
and these cast shadows of the cylinders on a 
wlute surface at the back of the box. The 
relative positions of the cylinders were so 
adjusted that the two central shadows were 
just in contact at the centre of the white 
surface, while the two outer shadows were 
cast on a blackened surface and so lost. An 
opening in the centre of the front of the box 
enabled an observer to compare the intensities 



of the two shadows, and to obtain equality 
between them by moving one of the sources. 

§ (26) The Harcourt Photometer. — The 
Harcourt photometer used by the Metro- 
politan Gas Referees consisted, in principle, 
of a box, having on one side a circular 
opening covered with translucent paper and 
on the other a diaphragm with a rectangular 
opening 26 mm. high and 7 mm. broad. The 
two sources of light to be compared were 
placed on the diaphragm side of the box, 
each slightly to one side of the line joining the 
diaphragm to the screen (see diagram Fig. 19). 
In this way each source caused the diaphragm 
to throw a bright rectangular patch on the 
screens, and by suitably altering the positions 
of the lights these two patches could be brought 
into juxtaposition, so that their brightness 
could be readily compared. When equality of 
brightness was obtained, the candle-powers of 
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the two sources were in the ratio of the squares made of dulled Bristol board the error intro- 
of their distances from the screen S. It was, of duced by shift of angle is not nearly as great 
course, essential that the normal to the screen as would be expected from the simple cosine 

law, owing to the special 
behaviour of this material 
when the light is incident 
at an angle of 30° to 35°. 
An angle of 60° to 70° 
is therefore best if the 
Ritchie wedge is made of 
this material. 

Fig. 19. Two modified forms 



should exactly bisect the angle between the 
lines joining the centre of the screen to the 
two light sources, and in the actual instrument 
a mirror attachment was provided for the pur- 
pose of making this adjustment, 

§ (27) The Ritchie Wedge. — ^The photo- 
meter designed by Ritchie in 1826 consists 
of two inclined m irrors MM (see Fig. 20). 
These reflect the light from sources Lj, Lg, 
to a piece of translucent paper P. If the 
angle between the mirrors be rather more 
than 90°, the bright patches produced on the 
translucent paper may be brought into 
accurate contact, and then balance is obtained 
in the same way as with the Bunsen photo- 
meter by altering the distance of one or both 
lamps until equality of brightness between the 
patches is obtained. In a modification of this 
photometer matt white surfaces are used in 
place of the mirrors, and the translucent 
paper is removed, so that the surfaces of what 
has been termed the “ Ritchie wedge ” are 
directly viewed by the observer. 

A very important factor in all photometers 
is the accurate placing in exact juxtaposition 
without interval or overlapping (as far as the 
eye is concerned) of the surfaces to be compared. 
Even a fine line of separation, either darker or 
brighter than the surfaces compared, impairs' 
the accuracy of equality judgment, though this 
is of less importance in a contrast type of field. 
With the Ritchie wedge, therefore, the front 
edge must be exceedingly fine, and further, on 
account of the cosine law of illumination, it is 
most important that the light shall impinge 
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of the Ritchie wedge 
photometer have been used. The first of these 
was introduced in 1883 by Conroy and the 



Fig. 21. 


second by Starling and S. P. Thompson in 
1893. They are shown in Figs. 21 and 22 
respectively, and from these diagrams the 



Fig. 22. 


principles of the designs are self-evident. To 
ensure a sharp line of junction in the Thompson- 
Starling pattern, the edges of 
the cards facing the observer 

L, should bo sharply bevelled. 

: .Q § (28) The Trotter Photo- 

meter. — Trotter’s “ Perforated 
Disc ” photometer is shown in 
plan . in Fig. 23 The two 
inclined cards A and B are 
of Bristol board with the 


Fig. 20. glaze removed by passing over 

it a damp rag. A has a 

on both surfaces at exactly the same angle. ‘ star - shaped hole cut in its centre, the 
Trotter has shown,’- however, that for wedges length and height being so proportioned, and 

^ Illumination, Its Distribution and Measurement, edges bevelled so that the observer at 0 

P- 95- sees a perfectly sharp-edged and symmetrically 
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shaped cavity behind which appears the surface 
of B. A and B being illuminated by the two 
sources, it is possible to obtain an accurate 



Fig. 23. 


balance of brightness between them when the 
edge of the star becomes almost invisible. A 
similar design, independently proposed by 
Weber, is termed the “ Roof ” photometer, 
from the appearance of the cards when seen 
from above. 

§ (29) The Joly Photometer. — The photo- 
meter designed by Joly in 1888 consists of. 
two blocks of paraffin wax, or translucent 
glass, placed side by side. Light from 
the two sources falls 
upon the side of the 
blocks which appear 
to be suffused with 
light, and the bright- 
ness match is ob- 
tained between the 
two sides B^, Bj 
(Fiff. 24). For an 
illumination of 10 
lux with paraffin wax 
as the material, blocks 
about 6 mm. thick 
give a convenient 

brightness. If thicker 
blocks are used the 
illumination must be 
increased. When 
nearly balanced the 
less brightly illumin- 
ated block appears to 
have a grey band 

next to the dividing 
line, and as the point 
of balance is passed 
this baud appears to shift from one side 

of the line to the other. The point at 

which this shift appears to take place gives 
a veiy sensitive criterion of the exact position 
of balance. 



§ (30) The Martens Polarisation Photo- 
meter. — The chief example of a photometer 
employing polarisation as the means of vary- 
ing the brightness of the comparison surfaces 
is Martens’ Polarisation Photometer, shown in 
diagrammatic section in Fiff. 25. In this 
instrument the light from the test lamp 
illuminates a plaster screen F. The light 
from this is reflected by two right-angled 
prisms P, Q through the Wollaston prism W, 
and the bi-prism B to the analyser N. Light 
from a small comparison glow lamp G illu- 



minates an opal glass plate d, and this also is 
seen after transmission through W, B, and N. 
W and B are so arranged that the light from 
the opal plate 6 which reaches the eyepiece is 
polarised at right angles to that by which F 
is seen. Hence, equality being obtained by 
rotating the Nicol N, the ratio between the 
candle-powers of any two, lamps placed suc- 
cessively at equal distances from F is the 
same as the ratio of the square of the tangents 
of the angles of rotation of N from the zero 
position. The tube T is capable of rotation 
about the axis passing through the centres 
of the prisms P, Q. 

§ (31) The Acohraoy oe Measurement. 
— ^The relative merita of the different patterns 
of ^photometer are very difficult to decide. 
The accuracy obtainable in photometric work 
depends very largely upon the individual and 
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each observer will obtain the best results 
with the particular instrument to which he 
is accustomed. Even the same observer differs 
in accuracy from day to day, and with the 
extent to which his eye has been fatigued by 
previous work. The time taken in making 
a reading differs with different observers, 
but if too long a time is taken, the precision 
of judgment tends to diminish after the 
first twenty seconds or so. The part of the 
apparatus which has to be moved to obtain a 
balance should be light enough to require 
very little manual effort on the part of the 
observer. It is often found convenient to 
approach the position of balance by over- 
shooting on each side a number of times in 
succession, the amplitude of the overshoot 
being diminished each time. If the eye is 
allowed to see anything brighter than the 
field of view in the photometer, its power of 
accurate balance is destroyed for a time 
depending on the brightness of the object seen 
and the time for which the eye has been 
exposed to it. 

§ (32) Physical Photometers. — All the 
photometers hitherto described have depended 
on the comparison of brightness by the 
human eye. It is self-evident that, in the 
case of all measurements of light, the eye 
must be the final judge of equality, but since 
individual eyes differ slightly from one another 
in their judgment it is inevitable that the 
results obtained by what may be called 
physiological photometry cannot be inde- 
pendent of the pecuUar characteristics of the 
observer, and many proposals have been made 
to place photometry on a semi-physical 
basis — i.e. to design some instrument which 
will respond to light in the same way as the 
“ normal eye ” or the average of a very great 
number of individual eyes none of which 
possesses any marked abnormality as regards 
light perception. 

The instruments proposed for the purpose of 
physical photometry may be grouped in three 
classes according as they depend on (i.) change 
of the electrical properties of a material when 
illuminated, (u.) the electron emission of a 
metal surface under the action of light, or 
(iii.) the action of light radiation on a thermo- 
pile or bolometer. 

. § (33) The Selenium Cell. — Of the first 
class, the most commonly used substance is 
selenium. It has long been knovm that the 
electrical resistance of selenium falls when 
illuminated, and many devices for the auto- 
matic lighting of lamps depend on the rise of 
resistance of a selenium cell when the dayhght 
illumination falls. 

One form of selenium cell may be made by 
taking a small sheet of ground glass and 
spreading this -with a very thin layer of purified 
amorphous selenium by means of a hot glass 


rod. If now four strands of fine bare copper 
wire are M'ound round the plate so that the 
whole of the selenium surface is covered, and 
two alternate strands are then removed, the 
other two strands are left separated for the 
whole of their length by a space equal to the 
diameter of a wire. To make the cell sensitive 
to light it is heated in an oven to a temperature 
of 180'’ C. for about five minutes, when the 
transformation from amorphous to metallic 
selenium should be complete. The resistance 
of such a ceU, formed on a plate 1 x 3 x Od cm., 
has been found by Pfund ^ to be of the order 
of 2 X 10’ ohms, and the sensitivity such 
that the resistance is decreased to 10 per 
cent of this value by an illumination of 150 
to 200 metre-candles. The cells should be 
protected from moisture by being placed in 
a vacuum tube or waxed to a sheet of glass or 
mica. 

A selenium ceU is very selective, having a 
maximum of sensitivity at a wave-length of 
about 700 /JL/JL. The most sensitive ceU made 
by Fournier d’Albe ^ was capable of detecting 
an illumination of the order of 10‘® metre- 
candles. He found that the change of re- 
sistance of a cell was, for a given period of 
recovery, approximately proportional to the 
square root of the illumination. 

The chief disadvantage attending the use of 
a selenium cell is its slowness in recovering 
its resistance after exposure to illumination, 
the period taken for recovery increasing with 
the intensity of the illumination to which it 
has been exposed. 

§ (34) The Photo -eleotrio Cell. — The 
second class of physical photometer, gener- 
ally called the “ photo-electric cell,” depends 
upon the fact, discovered by Hallwachs 
in 1888, that a body carrying a negative 
charge of electricity loses that charge when 
ultra-violet light falls upon it. Elster and 
Geitel in 1889 ^ showed that sodium and 
potassium exhibit this same effect when 
exposed to light in the visible spectrum, and 
they and other workers have devoted much 
careful experimental work to the study of 
this effect and the possibility of its application 
to physical photometry. 

A convenient form of the apparatus for 
fairly high illumination intensities is shown 
in Fig. 26.^ The photo-electric cell itself 
consists of a glass globe Z containing a mixture 
of helium and argon at low pressure. Into 
the centre of this cell projects a platinum 
wire which acts as the anode of the ceU and is 
connected to the terminal Kg of the photo- 
meter. The cathode consists of a . surface 
of potassium which makes contact with a 
silver plate Ag and is connected by means 

‘ Phvs. Rev., 1909, xxviii. 324. 

® Ro}/. Soc. Proc., 1913-14, lx.xxlx. 76. 

“ Annul, d. Physik., 1889, xxxviii. 40, 497. 

‘ Elster and Geitel, Phys. Zeit., 1912, xlli. 740. 


PHOTOMETRY AHD ILLUMINATION 


427 


of a platinum wire sealed into the glass with 
the terminal of the photometer, A 
guard-ring Sj connected to earth prevents 



leakage over the surface of the glass between 
the two electrodes. The light enters by the 
tube B, which is closed by a cap when the 
photometer is not in use, so that the cell is 
completely shielded from light except when 
in operation. I is an iris diaphragm, and M a 
plate of matt uviol glass. The box containing 
the cell is blackened inside and is capable 
of rotation about the axis defined by the 
platinum wire Pt. Thus the whole instrument 
is mounted like a theodolite, and the tube B 
can be oriented in any desired direction. 
Using a potential difference of 40 to 60 volts 
between the electrodes on the cell, the current 
produced by sunlight illumination is of the 
order of 10"° amperes. The current due to 
an illumination of 1 metre-candle is of the 
order of lO-^’^ amps., and it has been found 
that if proper precautions are taken to elim- 
inate possible disturbing factors very accurate 
proportionaUty exists between current and 
illumination over great ranges of intensity 
of the latter (0-07 to 6000 metre-candles).^ 
It has been calculated by H. S. Allen that 
an alkali cell of the most sensitive type, 
used in connection with a tilted electro- 
scope capable of measuring currents of 10-^® 

^ Rlchtmyer, Phys. Rev., 1909, xxix. 71, and 1010, 
XXX. 385. 


amperes, should be capable of detecting the 
hght from a candle at a distance of 2-7 
miles. ^ 

(i.) Variation of Sensitivity with W ave-length. 
— One of the chief difficulties in the use of 
photo-electric cells as physical photometers 
is the difference between the behaviour of 
such a cell and the human eye as regards 
response to light of different wave-lengths. 
Normally, the sensitivity of the cell should be 
greater the shorter the wave-length of the 
light, but although the alkali metals are 
selective in the visible spectrum, their char- 
acteristic curve is far from even approximating 
to that of the eye, so that the photo-electric 
cell in its simple form can only be used for 
the comparison of lights having exactly the 
same spectral distribution. In order to make 
the measurements obtained with them of 
absolute photometric value, it would be 
necessary to introduce some colour filter to 
reduce their curve of sensitivity at different 
wave-lengths to approximate equahty with 
the sensitivity curve of the average eye. 

Various metels and alloys, have been tried 
in different gases and mixtures of gases. 
Both sodium and potassium have been used 
separately and alloyed, and the hydrogen at 
first employed has been replaced by a mixture 
of helium and argon. Elster and Geitel have 
prepared very sensitive cells by first heating 
the alkali metal in hydrogen to a temperature 
of about 350° C. The clear colourless crystals 
of hydride thus obtained are then bombarded 
with cathode rays, large quantities of hydrogen 
are evolved, and the hydride becomes brightly 
coloured. These coloured substances, which 
Ester and Geitel consider to bo the metal 
in a colloidal state dissolved in the solid 
hydride, are from three to four times as sensitive 
as the pure metal surface prepared by distilla- 
tion. The hydride crystals have to be removed 
from contact with hydrogen, and this is re- 
placed by argon or helium after the colouring 
has been produced. 

(ii.) Photo-electric Fatigue. — The second 
disadvantage attending the use of photo- 
electric cells is the possibility of loss of 
sensitiveness by what is known as “ photo- 
electric fatigue.” This fatigue may take 
place when the cell is standing idle and is 
fairly rapid in the presence of a gas. Much 
work has been done on both the theory and the 
practical effects of this fatigue when the 
pressure of the gas is • reduced to that gener- 
ally used in photo-electric cells (1 to 3 mm. 
of mercury), but no conclusive evidence of 
complete absence of fatigue in any particular 
form of cell has been produced so far. 

§ (35) Badiometers. — The third class of 
physical photometers, depending on radio- 
metric measurements by some instrument such 
* H. S. Allen, Photo-electricity, p. 74. 
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as the thermopile, has been, developed by Ives 
and Kingsbury in America.^ 

The Thermopile . — It is clear that the 
thermopile, since it measures total radiation, 
cannot be used alone to evaluate luminous flux, 
but that some auxiliary device is necessary to 
reduce the radiation in each wave-length in 
such a proportion that the relative effects of 
the different wave-lengths on the combined 
apparatus may be the same as their relative 
effects on the human eye. An approximation 
to this condition may be arrived at by means 
of a coloured solution which transmits such a 
proportion of the whole incident radiation 
in each wave-length that the effect on the 
thermopile is proportional throughout the 
spectrum to the effect of light of that particular 
wave-length on the human eye. The solution 
arrived at empirically by Ives and Kingsbury 
{he. cil.) is as follows ; 


Cupric chloride . . .60-0 gm. 

Cobalt ammonium sulphate . 14-5 gm. 

Potassium bichromate . . 1-9 gm. 

Nitric acid (1 '05 sp. gr.) . . 18-0 o.c. 

Water to .... 1 litre. 


The form of apparatus used by them is shown 
in Fig. 27. T is the thermopile, consisting of 



from the Hefner lamj) to an ordinary tungsten 
filament vacuum lamp, the agreements between 
the visually and physically determined values 
of transmission ratio of yellow and blue test 
solutions were identical to one-half of 1 per 
cent. 

As an alternative to the solution method 
of reducing total radiation to agree with the 
sensitivity curve of the eye, Ives has proposed ® 
the analysis of the light from the source into 
a spectrum band, by means of a prism. This 
spectrally distributed light is then transmitted 
through a sector disc having apertures cut in 
it of such a shape that the relative amounts 
of each wave-length transmitted by the disc 
are proportional to the sensitivity of the eye 
at that wave-length. The apparatus is shown 
in plan and elevation in Fig. 28, where L is 
the light source, S the slit, and P the prism 
producing a spectrum S'. D is the sector 
disc, and it will be seen from the end view, 
with one aperture passing over the spectrum, 
that the different wave - lengths can be 



18 bismuth-silver junctions arranged linearly 
in series, and having a total resistance of 26 
ohms. Gr is a d’Arsonval galvanometer with 
an internal resistance of 12-5 ohms and critical 
dampmg resistance of 32-5 ohms. Its sensi- 
tivity is 33 mm. per microvolt. L is the 
luminosity curve solution (above described) 
in a glass tank one centimetre thick. K is a 
protective water tank at least four cm. thick, 
to cut off infra-red radiation. S is a shutter, 
S', S' tin screens, and D a sector disc. J is 
the source of light, a lamp of 100 candle-power 
placed 25 cm. from the thermopile. It was 
found that with this apparatus, the lamp 
running at the colour of a 4 watt per candle 
carbon filament lamp and giving a candle- 
power of 45 candles, the defiection on the 
galvanometer was 7 cm. It was found that 
over the range of colour represented by the 
commoner illuminants and standards, i.e. 

> Phys. Rev., 1916, vi. 319, 


weighted in such a manner that the sensitivity 
curve of the eye is reproduced on the thermo- 
pile T when the transmitted spectrum is 
recombined by the lenses 0, C. 

The chief difficulty met with in the use of 
total radiation is that, owing to the very 
small proportion of the total radiation from 
the source which is in tlie visible spectrum 
(generally less than 1 per cent), the effect 
of scattered heat radiation is very serious, and 
special precautions have to be taken to ensure 
that this error is avoided. For details of the 
methods by which it has been sought to do 
this, the original papers above referred to 
should be consulted. 

§ (36) Special Photometeus. — Descrip- 
tions of photometric apparatus specially 
designed for particular branches of photo- 
metric work (e.g. the flicker photometer for 
heterochromatic photometry, the Ulbricht 

» Phys. Rev., 1915, vil. 334. 
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globe for the measurement of average candle- 
power, and the various forms of illumination 
photometers) will be found under the sections 
dealing with those particular branches of 
photometry. 

IV. Light Distribution 

The section on Photometric Methods dealt 
only with methods of measuring the candle- 
power of a source in one single direction, but 
in the case of all sources met with in practice. 


the ordinary squirrel- cage type, the candle- 
power in the direction of the axis of the 
lamp is very much less than that measured 
in a direction perpendicular to this. It is 
actually found that the candle-power is by 
no means the same in all directions per- 
pendicular to the axis, and Figs. 29 and 29a 
illustrate these statements. These diagrams 
are what are generally termed “ polar diagrams 
of light distribution.” In these curves the 
length of the radius vector at any angle gives 
the candle-power at that angle, and the curve 




the candle-power varies in different directions, 
and it is therefore impossible to compare the 
performance of two sources by a single candle- 
power measurement unless the direction in 
which that measurement is made has been 
carefully defined. It is parily for this reason 
that sub-standard electric glow lamps are 
constructed with the filament in one plane. 
The candle-power in the line perpendicular 
to this plane is the one taken for purposes 
of measurement, and this arrangement has 
the great advantage that a slight departure 
from the true position has practically no 
effect on the candle-power in this region. 

§ (37) Polar Diagrams. — It is, how- 
ever, obvious that in the case, for example, 
of a vacuum glow lamp with a filament of 


of Fig. 29 shows the variation in candle- 
power at the different angles in a plane 
passing through the axis of the lamp, while 
Fig. 29a gives similar information for a plane 
perpendicular to this axis. 

§ (38) Mean Horizontal Candle-power. 
— The different methods by which these polar 
curves are obtained will be dealt with in this 
section, but first it is necessary to describe 
a method for finding by a single measurement 
the average value of the candle-power in all 
directions in a plane perpendicular to the 
lamp axis. This average, called the mean 
horizontal candle-power (m.h.c.p.) of the lamp, 
is a figure very frequently used for the rating 
of vacuum lamps of the ordinary type. 

The method consists of rotating the lamp 



430 


PHOTOMETRY AND ILLUMINATION 


about its axis (placed so as to be vertical) 
sufficiently fast to obtain on the photometer 
head an average illumination. A speed of 
120 revolutions per minute is generally 



Pig. 29. 


srifficient. The candle-power corresponding 
to this illumination is then called the mean 
horizontal candle-power of the lamp. The 
chief difficulty of this method is to ensure 
a steady contact for current sup^ily to the 
rotating lamp when this is being driven 
sufficiently fast to eliminate flicker in the 
photometer. This difficulty has been over- 
come in the form of rotator, shown in Fig. 30, 



which was designed by C. C. Paterson for this 
purpose. 

(i.) The. Lamp Rotator . — The rotator con- 
sists essentially of two parts, one fixed rigidly 
to the stand, the other capable of rotation 
and carrying the lamp. The arrangement 
is best seen from the sectional diagram of 


Fig. 30. A is an ebonite disc bearing two 
concentric copper rings, which are respectively 
connected to the terminals T, T. From 
these terminals flexible leads are conveyed 



Fig. 29A. 


inside the vertical tube B to the lamp 
holder. Rigidly attached to this tube is a 
solid brass disc D which is friction-driven 
by a small wheel driven through a shaft and 
pulley system from a small electric motor. 
C is a second circular ebonite block bearing 
two annular grooves concentric with the 
copper rings of A and half filled with mercury 
so that these rings can rotate freely with 
about ^;-inch of their lower edges dipping 
into the mercury. The mercury in these two 
grooves is connected to four terminals S, S to 
which are attached the current supply leads 
and voltage measuring leads from the bench. 
With this apparatus, if the mercury troughs 
and copper rings are kept clean, there is 
generally no difficulty in maintaining the 
current through the lamp perfectly steady. 

(ii.) 8tep-by-step Method for Oas-filled La7nps. 
— The above method of obtaining the mean 
horizontal candle-power can only be applied 
to vacuum lamps, as a gas -filled lamp may 
change candle-power by several per cent if it 
be rotated.! In the case of these lamps, 
therefore, the method of measurement at 
different positions round the lamp must be 
employed. For finding the polar curve in 
the horizontal plane, i.e. the plane per- 
pendicular to the axis of the lamp, supposed 
upright or pendent, it is only necessary to 
rotate the lamp and its holder in the photo- 
meter carriage and take candle-power measure- 
ments every 10°. The correct positions are 
easily found by the aid of the degree scale 
on the table fitted to the carriage (see Fig. 10). 
For the determination of the polar curve in 
a vertical plane the lamp may be mounted 

’ Miclcllekaiiff and Skogland, Bureau of Standards 
Bull., 1916-16, xii. 696. 
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ia the fitting shown in Fig. 31. This consists 
of two semi-rectangular frames of iron, 
jointed at the open ends, so that one frame 
can be clamped at any- 
desired angle with the 
other. A graduated dial 
is fixed to the lower frame 
(which is made to fit into 
a photometer carriage) so 
that the angle of tilt of the 
upper frame, bearing the 
lamp, can be ascertained. 

B}’- this means a curve 
showing the distribution 
of candle-power of a lamp, 
in a plane passing through 
its axis, can be obtained. 

A curve thus obtained for 
an ordinary “ squirrel 
cage ” tungsten - filament 
vacuum lamp is shown 
in Fig. 29a. 

^ § (39) Tma Miebor Ap- 
paratus FOR Polar 
Curve Determination. 

— ^It is not possible, how- 
ever, to tilt all light 
sources. Gas flames or 
mantles clearly cannot be 
tilted, and some gas-filled electric lamps change 
candle-power appreciably according to the posi- 
tion in which they are burning.^ For such 
sources, therefore, it is necessary to have 
recourse to some arrangement of mirrors. A 


source of error in this apparatus. If the 
radius about which M s-wings be not small in 
comparison with the distance of M from 
the photometer, then the 
light is incident obliquely 
on the photometer disc, so 
that a change in its reflec- 
tion ratio as M rotates may 
cause a small error. Of 
course, the distance to be 
used in computing the 
candle-power must be that 
of the photometer from, the 
image of the source as seen 
in the mirror. The reflec- 
tion ratio of tire mirror 
must also be allowed for, 
as if the mirror only reflects 
80 per cent of the incident 
light, the measured candle- 
powers must be multiplied 
by 1-25. The reflection 
ratio of the mirror may 
be readily determined by 
making a candle-power 
measurement with the 
centre line of the mirror 
M in a horizontal plane, 
and then rotating L until 
the part which was originally seen in the mirror 
from the photometer now faces the photometer 
directly. The ratio of the candle-power in 
this position (the mirror being screened) to 
the candle-power previously obtained, gives 




simple form of apparatus for this puipose is 
shown in Fig. 32. The source remains fixed at 
L, and the mirror M rotates about an axis 
passing through L. If M be tilted so as to 
bring the light from the source on to the 


the factor by which the mirror measurements 
have to be multiplied in order to obtain true 
values of candle-power for the curves. 

(ii.) The Three -mirror Apparatus. — The 
error referred to in tho preceding paragraph. 



photometer head (the direct light from L being 
screened), then the photometer readings give 
the candle-powers in different directions round 
the source in the plane of rotation of M. 

(i.) Errors and Corrections . — ^There is one 
Middlekaufl and Slcogland, loc. cit. 


is avoided by the use of three mirrors 
arranged as shown in plan in Fig. 33. The 
principle of the method remains the same, 
but tho light proceeds axially from the third 
mirror, and the candle-powers measured, after 
allo-wing for the reflection ratio of the mirror 
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system, are not affected by changes in the 
reflection ratio of the photometer disc. 

§ (40) Polar Ourves for Large Sotjroes. 
— The apparatus just described can only be 
used on the bench for sources of comparatively 
small dimensions. Very frequently, however, 
it is necessary to obtain polar curves for 
sources of large dimensions such as arc 
lamps, or for a lamp in a reflector fitting 
where lamp and fitting must be regarded 
as a single unit for jJurposes of measurement. 
In cases such as these, either of the methods 
described above may be employed, with the 
noce8.sary modifications in the design of the 
apparatus. It is, of course, necessary to 
have the mirrors larger than the source or 
unit to be measured, arid this sometimes 
necessitates a long swinging arm with con- 
sequent accentuation 
of the error referred 
to above in the de- 
scription of the single- 
mirror method. At 
the same time, the 
weight of large mir- 
rors and the difficulty 
of arranging a three- 
mirror apparatus for 
largo sources have 
resulted in the use 
of the single-mirror 
method in many 
laboratories for 
sources of large 
dimensions. A polar 
diagram showing the 
difference of light 
distribution from a 
gas-filled lamp with- 
out reflector, and 
the same lamp with a large shallow reflector, 
is given in Fig. 34. 

With largo sources the candle-power is often 
considerable, and to keep Avithin the best 
illumination range for accurate photometry 
it is necessary to have the photometer head 
at a great distance from the source. This is 
further desirable when working with a single 
mirror, as has been pointed out above. It is 
therefore often convenient to mount the 
source and the mirror on the wall of the room 
in which measurements are to be made, and to 
have a photometer bench of ordinal^ length 
mounted on a table on castors so that its 
distance from the wall can be varied. At the 
National Physical Laboratory, the bench is 
actually mounted on steel rollers which run 
in a track on the floor, and brass marks are 
fixed close to this track at intervals of a 
metre, so that, by means of a pointer on one 
leg of the photometer table, the bench can 
be moved ah accurately known distance away 
from, or towards, the source. 


§ (41) Unsatwmetrical Sotjroes. — In all 
that has been described above, it has been 
assumed that the source is symmetrical about 
a vertical axis, so that a polar curve in one 
vertical plane should be the same for all such 
planes. This, however, is not the case in 
practice, and therefore it must be agreed 
to take the vertical distribution curve in 
some plane, defined with respect to the source, 
or the source may be rotated about its ver- 
tical axis while the measurements are being 
made, so that the candle-power shown for 
any angle 6 (measured from the vertical) 
represents the average value along all the 
lines forming a cone with the source as. apex 
and semi- vertical angle 6. 

When this is done, the speed at which the 
lamp has to be rotated may be reduced, or 
the flicker at any given 
speed may be lessened, 
by using two mirrors 
symmetrically placed 
Avith respect to the 
source instead of a 
single mirror. If this 
arrangement be 
adoiJted it is neces- 
sary to cut off the 
inner corner of each 
mirror so that both 
may be used at angles 
near the vertical. 

§ (42) Average 
Candle - rower or 
M.S.C.P. (i.) The 
Rousseau Diagram . — 
It might be concluded 
from the above de- 
scription that the re- 
lative performance of 
two lamps or lighting units of approximately 
symmetrical distribution could be seen at once 
from their respective polar curves, obtained by 
one of the methods described above ; but 
while it is true that this information can 
be deduced, after computation, from these 
curves, the appearance of the curves them- 
selves can be most misleading. This may 
bo very well demonstrated ^ by a considera- 
tion of the two curves shown in Fig. 35. 
All the radii vectores of the first curve are 
double the corresponding ones of the second, 
so that it is obvious that the total amounts 
of flux emitted by the two lamps must 
be in the ratio of two to one. Yet it is 
equally obvious that the areas of the curves 
are in the ratio of four to one, while the 
volumes of their solids of revolution about the 
vertical axis are in the ratio of eight to one. 
Clearly neither the area of the polar curve 
nor the volume of its solid of revolution 
about the vertical axis can give a mental 
^ Mrs. Ayrton, The Electric Arc, p. 464. 
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conception of the relative amounts of flux 
emitted by the lamps. This can only be 
obtained by computation of the average 
candle - power of 
the lamp measured 
in ’all directions 
in space. This 
figure, known as 
the average 
candle-power 
(a.c.p.) or mean 
spherical candle- 
power (m.s.c.p.) of 
a source, can be 
obtained by calcu- 
lation from the 
polar curve in the 
case of a source whose candle-power per- 
formance is symmetrical about the axis of 
the polar curve. For, if J bo the candle- 
power in a direction making an angle 6 
with the vertical, then if we suppose a sphere 
of radius r to surround the source, the area 
of the zone of this sphere from which the 
source appears to have the candle-power J 
is clearly 27rr2 sin MB, so that the average 

candle-power is ^ J sin 0cl0. The value of 

this expression may be obtained by a simple 
graphical method due to Rousseau ^ and 
termed the Rousseau diagram. Ftff. 36 shows 
on the left the polar curve of a source of 
light. At the ends of the radii vectores, 
horizontal lines are drawn through a vertical 
line AB, and from the point of intersection of 
any such horizontal a length is cut off equal 


A 



to the length of the corresponding radius vector 
on the polar curve. Thus CD is equal to OL, 
EF to OM, and so on. A smooth curve is then 
drawn through all the points such as D, F. 
From the method of construction of the 
diagram it will be clear that the distance 
CX is equal to r cos 6, so that, in the limit, 

^ La Lumiire dlectrigue, xxxvii, 416, 

VQL. ly 


CE =r sin 6dd, and therefore half the area of 
the curve ADFB gives the average candle- 
power of the source. This area may be 
obtained either by means of a planimeter, 
or by erecting a series of equidistant ordinates 
on AB as base, and using one of the forms of 
Simpson’s rule. 

(ii.) Rwsell Angles . — In the above method of 
obtaining the Rousseau diagram it will be seen 
that measurements of candle-power are made 
at regular intervals of 10° (or whatever interval 
may be selected), and that these measurements 
are then spaced to give them their correct 
respective weights in determining the area of 
the curve. Russell’s method - consists of a 
predetermination of the angles at which 
measurements must be made to give equally 
spaced ordinates on the Rousseau diagram. 
The spacing of these angles is shown in Fig. 
37, where it will be seen that the sphere • 



is divided by the broken lines into 10 zones 
of equal area, and then candle-power measure- 
ments are made at the half-way points of 
these zones, so that the area of the Rousseau 
diagram may be calculated at once by 
Simpson’s rule without any need for the 
diagram to be drawn. The Russell angles to 
be used when the sphere is divided into 20, 
10, and 5 zones respectively are as follows : 

Tablb OB RtrssBLL Aholes for Calculation 
OF Average Candle-power 


20 Zones. 

10 Zones. 

8 Zones. 

6 Zones. 

2-9 

6-7 

7-2 

9-6 

8 6 

17-6 

22'0 

30-0 

14-5 

30-0 

.38 '7 

66-4 

20 '6 

44-4 

61-0 


26 •? 

64-2 



33-4 




40-6 




48 -O 




68-2 




71-8 





’ Inst, Elect. Eng. Journ., 1003, xxxil. Cj3). 
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§ (43) Blondel’s M.S.C.P. Photometers, j 
— ^The above method of determining the 



average candle-power of a source necessitates 
the determination of the candle-powers in a 


method the total illumination of the photo- 
meter screen is proportional to the average 
candle-power of the source L, provided this 
is symmetrical. For light emitted by the 
source in a direction making an angle d with 
the vertical, on reaching the photometer, 
makes the same angle with its surface, so that 
the illumination is reduced by the factor 
sin Provided, then, that the diffuse re- 
flection ratio of the photometer screen do 
not vary with the angle of incidence of the 
light, the photometer will give the average 
candle-power directly, if the apparatus be 
calibrated with a lamp of known average 
candle-power. 

The apparatus was used by Dyke to deter- 
mine the ratio of the average to the mean 
horizontal candle-power of a source. For 
this purpose the light from L is reflected by 
two other mirrors N, N to the opposite side of 
the photometer head. These are mounted on 
a stand which slides on a graduated scale T, 


certain number of fixed directions. 
The same information can be obtained 
in a single measurement by the use 
of a form of apparatus which concen- 
trates on to the photometer head 
the light, or a known fraction of it, 
from a circular ring surrounding the 
source. Blondel ^ has proposed two 
different methods of doing this. In 
one of these, shown in Fig. 38, he 
places the source S at the centre of a 
spherical blackened globe GG-. This 
globe has cut out of it two lunar 
apertures LL, and the light from S 
passes through these and strikes an 
ellipsoidal mirror E, from which it is 
brought to a focus at P where the 
photometer is placed. In a modifica- 
tion of this method the mirror E is 
replaced by an annular diffusing ring. 
In each case the instrument is cali- 
brated by means of a lamp of known 
average candle-power. 

§ (44) The Matthews - Dyke 
Photometer. — Matthews’ apparatus, 
as modified by Dyke,® is shown in 
plan and elevation in Fig. 39. 
Eleven pairs of adjustable mirrora 
are carried on a semicircular 
support A. L is the source placed 
at the centre of the ring of mirrors 
M^. These are so placed that the 
light reaching them from L is reflected 
to the mirrors M.j and from the latter 
proceeds to the photometer head P. 
The case of this is cut away so that 


A 



Fig. 39. 


light may reach the photometer screen from 
all angles. It will be seen that by this 

^ Compten Rendus, 1895, cxx. 311 anti 550. 

* Phys. Soc. Proc. xix. 399, and Phil. Mag., 1905, 
ix. 130. 


and by balancing the photometer the ratio 
between the mean horizontal and mean 
spherical candle-powers can be obtained by 
a single measurement. For the method of 
correcting for the lack of constancy of reflec- 
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tion ratio of the photometer screen. Dyke’s 
original paper should he consulted. 

§ (45) Inttsgbating Photometers. — ^In all 
the above methods of determining the average 
candle-power it has been necessary to assume 
that the polar curve is the same in aU planes 
passing through the axis of the lamp, or else 
that this is sufficiently nearly the case for 
rotation of the lamp to give a true mean. 
In the apparatus now to be described this 
assumption is not made. The distribution of 
light from the source may be quite irregular, 
and yet the correct value of average candle- 
power will be obtained by a single measure- 
ment, provided the theoretical conditions of 
the apparatus he sufficiently closely fulfilled. 
Actually, as vdll be seen, the departures 
from these conditions rendered necessary by 
practical considerations make the values 
inexact for very unsyrametrical sources, and 
the cause of these errors and their elimination 
will be the subject of the concluding paragraphs 
of this section. 

§ (46) The Whitened Sphere. — W. P. 
Sumpner first pointed out in 1892 ^ that if 
ABCD {Fig. 40) be a principal section of a 
globe, with a per- 
fectly matt white 
interior surface, then 
the amount of radia- 
tion reaching any 
point of the surface 
B from an element 
of the surface A was 
the same whatever 
the relative positions 
of A and B. For 
if 0 be the centre 
of the sphere, and P the radiation emitted 
from A in the direction AO, the radiation 
emitted in the direction AB will be P cos OAB. 
Also this radiation strikes the surface at B 
at an angle from the normal equal to OAB. 
The amount of radiation reaching B is there- 
fore iiroportional to F cos® OAB/AB®. But 
AB =2r cos OAB, and hence this expression 
becomes P/4r®, which does not depend on the 
positions of A and B. Hence the radiation 
received from A by all parts of the interior 
of the sphere is the same, since any two 
points of a sphere can be joined by a great 
circle. 

If, then, a source of light be placed inside 
a whitened sphere, a certain amount of light 
from it reaches each part of the surface of that 
sphere. The amount diffusely reflected by 
that part to every other point of the sphere 
is the same and is proportional to the diffuse 
reflection ratio of the surface (for normally 
incident light if the source is placed at the 
centre of the sphere). Thus any particular 
spot on the sphere receives, in addition to its 
* Phys. Soc. Proe., 1892, xii. 10. 



own share of the direct light from the source, 
a constant proportion of the light received by 
every other point of the sphere, and thus the 
illumination of a given point shielded from 
the direct light is proportional to the light 
received by all the other parts of the sphere, 
i.e. to the average candle - power of the 
source. 

The exact mathematical investigation is as 
foUoAvs : If 0 be the amount of flux per 
unit area which reaches the point A from the 
source, and if R be the reflection ratio of 
the surface of the sphere, then the amount of 
flux per unit area which reaches every other 
part of the sphere, due to reflection from A, 
is Ri^/tt . l/4r®, since (p, the flux reflected 
normally by a perfectly diffusing surface, is equal 
to the flux received by that surface divided 
by IT (see section on “Illumination”). It is 
clear, therefore, that if cp he tho total flux 
emitted by the source, the amount of flux 
received, per unit area of the sphere, by a single 
reflection from each other part of the sphere, is 
R'b/v . l/4r®. Similarly, the amount received 
by two reflections is R^ch/ir . 1 /4?'®, and so on. 
Hence the total flux received by. reflection 
at any point of the sphere is found to bo 
<I>/47rr®{R -i-R® -f ... to infinity} =‘I>R/47rr®(l -R). 
But if J be the average candle-power of the 
source, 4> = 47rJ (see §(2), “Definitions”), so that 
the above expression reduces to J/r® . R/(l - R). 
But J/r® is the flux per unit area reaching the 
surface of the sphere, supposing all reflections 
absent and the source uniform in all directions. 
In the case of a sphere of one metro radius, a 
source of one candle would produce an 
illumination by direct light of 1 metre-candle. 
If the diffuse reflection ratio of the surface 
of the sphere be 80 per cent, tho illumination 
by reflected light is 0-8/(l - 0-8) =4 times as 
great as this, i.e. 4 metre-candles. 

§ (47) The UxmRrcHT Globe, (i.) Descrip- 
tion. — The first proposal to use this principle for 
the determination of average candle-power was 
made by Ulbricht in 1900,® and many develop- 
ments of the design and contributions to the 
theory of the sphere photometer have been 
made by him and others since that date.** 
Recently a large photometer of this typo has 
been constructed at the Bureau of Standards. 
This consists of a sphere of 88 inches internal 
diameter, built up of reinforced concrete on a 
steel network, and finished off inside to a 
truly spherical surface.^ There are two holes 
in the sphere as shown in the sectional diagram, 

» meU. ZeUs., 1900, xxl. 595. 

" Ulbricht, Bkkt. Zeils., 1906, xxvi. 612 ; 1000, 
xxvli. 60, 803 ; Bloch, Blekt. Zeita., 1006, xxvi. 1047, 
1074 ; 1906, xxvli. 63 ; Coraepius, Blekt. Zeita., 1906, 
xxvli. 468; Monasch, Blekt. Zeita., 1906, xxvli. 009, 
095; Bloch, Ilium. Bnff., London, 1908, i. 274; Cor- 
seplua. Ilium. Ena., Ijonclou, 1008, 1, 801, 896 ; Sharp 
and Millar, Am. Ilium. Bng. Soc. Trans., 1908, ill. 602. 

* Rosa and Taylor, Am. Ilium. Eng. Soc. Trans., 
1916, xl. 453. 
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Fig. 41. The top hole is covered with a flat 
wooden disc which can be lowered from above 
in annular sections, so that a lamp can be 
suspended inside the sphere from above if 



desired. On one side of the sphere is a hinged 
door of segmental form with maximum dimen- 
sions 37 X 16-6 inches. In the wall directly 
opposite the door, on the equator, is a milk 
glass %vindow which can be removed at will, 
but which is perfectly flush with the inside 
surface of the wall when in place. By an 
ingenious arrangement of hinged rods carrying 
the lamp socket, lamps can be brought to the 
door of the sphere for changing and then 
automatically returned to their correct position 
within the sphere. At a jDoint about 27 inches 
in front of the window are two vertical rods 
which hold a runner for carrying the screens. 
These are of four sizes, viz. 11, 21, 30, and 
37 cm. in diameter. 

As has been stated already, the inside 
coating of the sphere must be as non-selective 
as possible, owing to the number of reflections 
which much of the light has to suffer. In 
many cases a pure zinc, white has been found 
satisfactory. In the Bureau sphere the inner 
coating is of Keene’s cement, which was 
found to have a reflection ratio of 92 per 
cent. 


The photometric apparatus consists of a 
1-5 metre bench with a photometer head 
specially designed for the direct comparison 
of the brightness of the sphere window with 
the brightness of a diffusing glass illuminated 
by the comparison lamp. 

(ii.) Errors . — Tests were made to determine 
the magnitude of the errors introduced into 
average candle-power measurements by lack of 
uniform distribution of light from the source. 
The maximum error found for many sources 
having different types of distribution was 1-7 per 
cent. The percentage reduction of the measured 
value by the presence of black discs in the 
sphere was found to be 10 times their relative 
area [i.e. ratio of area of disc to area of sphere 
surface). For white discs, such as the screens, 
this reduction was about one-third of that 
for black discs. Tests with a source giving a 
beam of light showed a maximum variation, 
according to the orientation of the beam, of 
4 per cent. The effect of the distance of the 
source from the window, was found to be 1 
per cent with the lamp half-way between the 
window and the centre of the sphere. With 
the lamp at a distance of 10 inches from the 
window the error was 2 per cent. 

(iii.) Calibration . — At the Bureau of Stand- 
ards, the sphere is calibrated before each period 
of use, by means of a lamp of accurately known 
average candle-power inserted in the same 
lamp socket as that which subsequently holds 
the tost lamps. This is the method also 
a.doptod with the cube photometer used at the 
National Physical Laboratory, to be described 
later. 

Ulbricht’s original suggestion, however, was 
to have both test lamp and sub-standard in the 
sphere during both calibration and test. This 
arrangement is shown in Fig. 42, where Li 
is the sub-standard, Lg the test lamp, and Sj 



and Sg screens shielding the window from 
these two sources respectively. A small screen 
S is also inserted to prevent specular reflection 
from one lamp when the other is alight. 
Calibration is effected by balancing the com- 
parison lamp with on and Lg off. The 
tests are then made with off and L, on. 
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If the window of the sphere does not form 
part of the photometer head, the two must 
be kept rigidly fixed in relation to each other. 
A useful adjunct is an iris diaphragm between 
the two, so that, when using the sphere for 
sources of very high candle - powers, the 
illumination on the photometer can be reduced. 
Of course, the diaphragm must be at the same 
aperture for both calibration and test. 

(iv.) Gorrect'ons . — It will be seen from the 
theory outlined above that the illumination 
of the window is only truly proportional 
to the average candle-power of the source 
so long as the sphere is perfectly empty. 
The very presence in the sphere of a source 
of finite dimensions is a violation of this 
condition, and the fact that screens have 
to be introduced to shield the window from 
direct light at once introduces a further de- 
parture from the ideal conditions. The error 
caused by the presence of these bodies in the 
sphere is greater the larger their dimensions 
compared with those of the sphere. Ulbricht 
has laid it down that the diameter of the 
sphere should be not less than six times 
the diameter of the globe of the largest lamp 
to be measured in it. The screens, also, must 
be as small as possible and whitened on both 
sides. Where Ulbricht’s arrangement is 
adopted the approximate error due to the 
screens, S and S', provided these do not exceed 
5 per cent of the area of a principal section of 
the sphere, has been given as {80s - 100s') 
per cent to be added to the measured value, 
where s and s' are the ratios of the areas of 
the screens S and S' to the cross - sectional 
area of the sphere. Where the screens are 
larger than this, more complicated formulae 
must be employed, and for these Ulbricht’s 
original paper should be consulted {loc. cii.). 
Where the substitution method of calibration 
is used, the error due to the screen may be 
taken as that found experimentally and given 
above under the description of the Bureau 
of Standards sphere. 

§ (48) The W^hitehed Cube. — Various 
modifications of the Ulbricht globe have 
been suggested. One of these consists of 
a whitened hemisphere, another takes the 
form of a whitened cube. This was suggested 
by Sumpner ^ and has been adopted at the 
National Physical Laboratory.® Though 
theoretically less accurate, this form possesses 
the advantages of simple construction and 
greater ease of manipulation of the light sources 
inside it, and for the comparison of lamps of 
similar light distributions it has been found 
to give very accurate results. Buckley has 
shown ® that for sources as dissimilar in light 
distribution as a tungsten-filament vacuum 

^ Ilium. Eng., London, 1910, iii. 323. 

® Paterson, Walsli, Taylor, and Barnett, I.B.E. 
Trans., 1920, Iviii. 83. 

“ Inst. Elect. Eng. Journ.] 1921, lix. 143. 


lamp, unshaded, and a similar lamp of which the 
whole of the upper hemisphere has been covered 
by an opaque shade, the difference introduced 
into the values of average candle-power meas- 
ured by the cube do not exceed 4 per cent. 

In all tj^pes of the globe photometer and its 
modifications, it is of great importance that 
the reflection ratio of the diffusing surface 
shall be uniform throughout ; and if a photo- 
meter of this type, is much used, especially for 
arc-lamp work, it must be repainted at frequent 
intervals, as, although frequent calibration 
will avoid error due to an even deterioration 
of the whole suifface, it will not allow for a 
greater deterioration in one part of the surface 
than another. 

§ (49) Average Caudle-rower Measure- 
ments IN Specified Zones. — Por certain 
purposes it is sometimes more important to 
measure the total amount of light given by 
a source in the lower hemisphere. This is 
expressed by taking the average of the candle- 
powers of the source measured in all direc- 
tions below the horizontal plane, and is 
termed the average candle-power (lower hemi- 
sphere) or mean lower hemispherical candle- 
power. Its value may be obtained by obvious 
modifications of the methods described above 
for the determination of average candle-power. 
Less frequently used values are (i.) the mean 
upper hemispherical candle-power, and (ii.) 
the mean zonal candle-power, i.e. the average 
of the candle-powers of the source measured in 
all directions within a given zone defined in 
any particular case. 

§ (50) General Considerations. — There 
can be no doubt that the use of an Ulbricht 
globe, or one of its modifications, will be- 
come of increasing importance owing to two 
facts. First, the tendency in the design of 
modern illuminants is to pay much more 
attention to the total light emitted by a 
source than to the particular manner in which 
that light is distributed, so that the average 
candle-power is of much more significance than 
the candle-power in any arbitraiy direction or 
directions (such as the mean horizontal candle- 
power). Secondly, the impossibility of rotating 
many present-day illuminants — even the gas- 
filled lamp changes its candle-power value 
when rotated — makes a photometer such as 
the Blondel or Matthews useless for the deter- 
mination of the average candle-power. There 
seems to be little doubt, therefore, that the 
use of the Ulbricht globe — in comparatively 
small sizes for the measurement of lamps of 
the size generally employed in interior lighting 
— will shortly become universal in photometric 
laboratories. 

A very complete bibliography of the inte- 
grating photometer is given by Rosa and 
Taylor (loc. cit.) and by Ulbricht in Das Kugel- 
pholotneter. 
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V. Illumination and its Measurement 

The previous sections of this article have 
been, concerned with the measurement of the 
candle-power of a source of light. In the 
present section, however, no attention what- 
ever is paid to the source. All that is dealt 
with is the actual illumination received at a 
surface, and this may be due to one or many 
sources of the same or of different kinds. 

A very frequent error in terminology is the 
confusion of “ illumination ” "with ‘ bright- 
ness.” The distinction has been mentioned 
in the definition of the latter term in the 
section on “Definitions,” but it may be further 
el aborated here. Ill umination is concerned only 
with the amount of radiation which reaches 
a given surface. A piece of white paper 
and a piece of black velvet lying side by 
side may well be equally illuminated, but 
their brightnesses will be very different. The 
brightness is concerned only with the luminous 
radiation which a surface emits in the direc- 
tion of the eye, and therefore two surfaces of 
different reflection I’atios, but equally illumin- 
ated, wiU have brightnesses which are propor- 
tional to their respective reflection ratios. 

In illumination photometry, as in candle- 
power photometry, the actual comparison is 
always between the relative brightnesses of two 
surfaces, and this necessitates a brief considera- 
tion of the way in which the brightness of any 
given surface varies with the illumination and 
the angle at which it is viewed. 

§ (51) Matt and Polished Surfaces. — 
Surfaces may be very crudely divided into 
two classes, polished and matL In the case 
of a polished surface, such as a metal mirror, 
very nearly the whole of the reflected light is 
emitted in a single direction, viz. that making 
an angle with the normal equal to the angle 
which this normal makes with the incident 
light. A perfectly matt surface, however, 
returns light according to a cosine rule. This 
rule states that, for a perfectly diffusing surface, 
the radiation emitted in a direction making an 
angle 0 with the normal to the surface is equal 
to <p cos 6, where </> is the radiation emitted 
in the normal direction. Thus if A {Fig. 43) 
be an element of a perfectly diffusing surface, 
the polar curve of distribution of the light 
emitted from A is the circle ABC, for AC equals 
AB cos 9. From this rule it re-sults that 
the total flux emitted by such a surface is 

TT 

^ cos 9 . 271 sin 6d6 if $ is the flux emitted 

'0 

per unit solid angle in the normal direction. 
This expression is equal to tt#, so that the 
average candle-power of A is or the mean 
hemispherical candle-power is 

The brightness of a surface should generally 
be expressed in terms of candles per unit area. 


so that a square centimetre of a surface which 
is emitting 4’ lumens per unit solid angle in the 
normal direction has a brightness of 4’ candles 
per square centimetre 
in that direction. If 
the direction be not 
normal to the surface, 
the brightness must 
be expressed in 
candles per unit area 
of the surface pro- 
jected perpendicular 
to the direction. For 
a square centimetre 
viewed in a direction 
making an angle of 60° Fia. 43. 

with the normal pro- 
duces an image on the retina which is only 
half the area of that produced by a square 
centimetre of surface viewed normally. 
Hence to obtain the illumination of the 
image on the retina, the criterion of bright- 
ness as far as visual effect is concerned, the 
radiation emitted per unit projected area must 
be considered. 

It will be seen at once that, since this pro- 
jected area bears to the true area a ratio equal 
to the cosine of the angle of projection, it 
follows that a perfect diffuser apjjoars equally 
bright at whatever angle it is viewed, for if 
the brightness be 4' candles per sq. cm. in the 
normal direction, the radiation emitted per 
unit solid angle by unit projected area {i.e. 
sec 9 sq. cm.) will be 4> sec 9 in the normal 
direction, or 4> in the direction of vision. 

It is for this reason that matt surfaces, i.e. 
surfaces which approximate as closely as 
possible to perfect diffusers, are always em- 
ployed in illumination photometry. For then 
the angle from which the comparison surface 
is viewed is less imjjortant than it would bo if 
a glazed or semi-polished surface were employed. 

§ (52) Relation between Ill-umination 
AND Briqhtnes.s. — It will be useful here to 
obtain the relation between the illumination 
of a perfectly diffusing surface, its reflection 
ratio, and the resulting brightness. If the 
illumination be E metre-candles, the flux 
received per unit area of the surface is E 
lumens. The total amount of flux emitted 
is therefore RE if R be the reflection ratio. 
Now if B be the brightness in candles per unit 
area, the flux emitted per unit solid angle 
in the normal direction is B lumens. Hence 
the total amount of flux reflected is ttB 
lumens. Therefore ttB =RE or B = RE/tt. As 
an example, a perfectly diffusing surface 
having a reflection ratio of 75 per cent and 
illuminated to the extent of 10 metre-candles, 
has a brightness of 7-6/7r = 2-39 candles per 
square metre. 

§ (53) Photometer Screens. — It has been 
found that no surface behaves at all angles 
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as a perfect diffuser, and in some wliich are 
generally regarded as matt the departure 
from the cosine rule is very considerable. 
This departure depends not only on the 
direction from which the surface is viewed, 
hut more especially on the direction of the 
incident light. There is always some specular 
reflection, and the brightness is always high 
where the direction of vision and the direction 
of the incident light make equal angles with 
the normal in the same plane. Trotter ^ has 
made a large number of measurements of 
this effect in the case of many surfaces. 
He finds that Bristol board, unglazed by 
passing a damp cloth over its surface, or 
white celluloid rendered matt by rubbing 
over its surface with pumice powder, gives 
very good results if the direc- 
tion of specular reflection be 
avoided, a maximum error of 
3 per cent being found for 
the last-named material. 

In some photometers the 
comparison surfaces, or one 
of them, consist . of sheets of 
matt opal glass, and for these 
the rule of cosine emission holds 
very well over quite a wide 
range of angles. 

§ (54) Illumination Photo- 
METEES. — ^A general account of 
the principle of working of 
illumination photometers was 
given at the beginning of the sec- 
tion on “ Photometric Methods.” 

The number of instruments 
which have been designed for 
the measurement of illumina- 
tion is very large, and all that 
can he given here is a biief 
description of some of those 
which have been most frequently 
employed by workers in the field of illumina- 
tion engineering. 

§ (56) The Pebeoe Photometbe, — The first 
photometer to bo designed for the purpose 
of making illumination measurements was 
that of Preece described in 1883.® This con- 
sisted of a box containing an electric glow- 
lamp and furnished at the top with a Bunsen 
grease-spot screen. The current through the 
lamp was varied until the grease spot 
disappeared, and the illumination of the 
screen was then known from previous calibra- 
tion against the illumination produced by a 
standard source of light at various known 
distances. In a modification of this instru- 
ment, due to Trotter, the variation in the 
illumination of the under side of the grease- 
spot screen was effected by altering the 

* Illumination: its Distribution and Measurement, 
p. 93, and Ilium. Eng., London, 1919, xU. 243. 

• Ray. Soc. Proc., 1884, xxxvl. 270. 


position of the lamp instead of its candle- 
power. 

§ (56) The Teottee Illumination Photo- 
METEE. — The latest form of the Trotter Illu- 
mination Photometer is shown in vertical sec- 
tion in Fig. 44. L is a small 4- volt glow-lamp 
mounted in a screw socket which is carried on 
a bracket sliding on a vertical bar B. By 
this means the distance of L from a mirror 
M can be varied to suit the candle-power of 
the particular lamp used in ' the photometer 
at any time. The light is reflected by hi to 
a matt white celluloid screen 0 which is 
capable of rotation about an axis perpendicular 
to the plane of the paper. This rotation is 
effected by means of the snail cam A which 
bears on a pin T>: This cam is so shaped that 


the angular motion of the celluloid surface is 
much slower than that of the cam at the 
positions where the light from M falls very 
obliquely on to 0. For at these positions it 
follows from the cosine law that the illumma- 
tion will vary very rapidly with the inclination 
of 0, so that unless a cam such as that shown 
is provided, the scale becomes very compressed 
at the lower values of illumination. A light 
leaf spring E gives just enough friction to 
hold the screen in any position while yet 
allowing a very free movement of the cam. 
The pin D is held in close contact with the 
cam by means of a flat spiral spring fixed to 
C. S is a knife-switch by means of which 
the lamp L can be lighted from a 2 - cell 
accumulator connected to the terminals T,, Tj 
of the photometer. At the top of the box is a 
second matt white celluloid surface I', and the 
photometer is placed so that this surface is 
in the spot at which it is desired to measure 
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the illumination. A plan view of F is shown 
in Fig. 44a, and the measurement is made by 
viewing C through the slit in F and adjusting 
the brightness of the 
former by tilting it with 
the cam handle, until F 
and C appear equally 
bright. Illumination at 
F is then given by the 
position of a pointer con- 
nected with the handle 
by which C is turned. 
The scale is obtained by 
previous calibration with 
known illuminations provided by a standard 
lamp at different fixed distances. To ensure 
that F is always viewed at a constant angle, 
C is provided with two small black pointers. 
These must be just visible at the ends of the 
slot in F (as in Fig. 44a) when the measurement 



is being made. The direction actually used 
is 20° from the vertical. Even with this 
precaution of constant angle of vision, if the 
sheet F is not perfectly matt and the light is 
incident upon it at an. angle of about 20°, 
there is danger that specular reflection may 


minated by the outside lights consists of a 
disc from which two diametrically opposite 
quadrants have been removed. This disc is 
set spinning pneumatically, and thus the 
instrument acts on the flicker principle and is 
adapted for use with lights of colours different 
from that of the comparison lamp contained 
in the photometer box (see section on “ Colour 
Photometry ”). 

§ (58) The Weber Photometer. — The 
Weber photometer was -one of the first illu- 
mination photometers designed. ^ It is shown 
in vertical section in Fig. 45. L is a ben- 
zine lamp which acts as a source of standard 
candle-power, S is a translucent screen mov- 
able along the tube T^, its position being 
marked by a pointer moving over a scale 
engraved on the outside of this tube. C is a 
Lummer-Erodhun cube, and P is a total 
reflection prism for use when the tube Tg, 
which is capable of rotation about the axis 
of Ti, is used in the vertical position (as 



shown). The upper end of is closed by an 
opal glass disc, and this forms the surface the 
illumination of which is to be measured. 

§ (59) The Sharp -Millar Photometer. 
— A much more elaborate photometer on a 
somewhat similar principle is that of Sharp 
and Millar, described by the latter in a critical 
paper on illumination photometers.* The 



Fig. 44A. 



cause an appreciable error. It is best, there- 
fore, to view the photometer in a plane perpen- 
dicular to that of the incident light, as shown 
in Fig. 44b, which also gives a view of the 
complete instrument. 

§ (57) The Harrisoh Photometer. — In 
the Harrison photometer, the surface illu- 


plan of this in s trument is seen in, Fig. 46. 
L is the lamp, a 4-volt glow-lamp, which is 
capable of movement along the box by means 
of an endless wire moved by the handle H. 
The position of the lamp is indicated by the 

‘ Wied. Ann., 1883, xx. 326. 

* Am. Ilium. Eng. Soc. Trans., 1907, ii. 475. 
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shadow of a pointer on a translucent celluloid 
scale at F. This lamp illuminates an opal 
screen Sj, and the brightness of this is com- 
pared, by means of a Lumraer-Brodhun cube 
viewed through the eyepiece E, with the 
brightness of a second opal glass screen S® 
reflected in a 45° mirror, contained in an 
elbow tube of which T is the plan. The 
illumination to be measured is that at Sg, 
and the range of the instrument is increased 
by the insertion of neutral glasses, with known 
transmission ratios, between C and either 
or Sj- 

This photometer possesses the great ad- 
vantage that the test plate S 2 is viewed from 
below, so that its illumination is completely 
unobstructed by the person of the observer 
or any part of the apparatus. This is of 
considerable importance, since, 
when the number of sources con- 
tributing to the illumination is 
large, it is often difficult for the 
observer to avoid shading one 
or more of them from the test -j- 
plate Avhen this is viewed, as is 
usually the case in illumination 
photometers, from above. 

It is also claimed for tliis 
photometer that the biightness 
of the comparison disc varies 
exactly as the inverse square of 
the distance from it of the lamp L. This is 
probably the case unless this distance is 
made too short, when the inevitable effect of 
interior reflections will bo such as to cause 
departure from the exact 
inverse squai’e scale. 

§ (60) The Maetbns 
Photometer. — The 
Martens photometer is 
shown in side elevation 
in Fig. 47 and m section 
along the Ime AB in 
Fig. 47a. L is a benzine 
lamp which is used as a 
comparison source, and 
which illuminates a 
ground glass plate G by 


tion photometer described in § (30) enables 
this instrument to be used as an illumination 
photometer. The plaster screen F is replaced 


fK-, 


-\ 


Fia. 47 a. 


by an opal glass screen, and the tube T is 
turned so that this screen occuiiies the position 
where it is desired to measure the illumination. 



0 / 
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reflection in the mirrors M and a total reflec- 
tion prism P. S is a white screen, the illumina- 
tion at which is desired, and comparison is 
made in the eyepiece between the brightnesses 
of S and G. 

A sUght modification of the Martens polarisa- 


FiG. 48. 


§ (61) The Lttxometee. — Two very portable 
instruments employing a test screen which 
may be quite separate from the photometer 
are the Luxometer, which is a modification 
of the Trotter photometer, and 
the Lumeter due to Dow and 
Mackinne 3 ^^ The first of these 
is shown in section in Fig. 48. 
L is a small 2-volt glow-lamp 
which illuminates the tilting 
screen S. This screen is re- 
flected in the mirror M and is 
seen in the plate 0 which is 
silvered over one-half of its 
surface. The test plate T is 
seen by direct vision through 
the unsilvered half of C, and 
the two halves of the field are 
brought to equality of bright- 
P ness by tilting S. 

§ (62) The Lumeter. — The 
lumeter is seen in plan in Fig. 
49. The 2-volt glow-lamp L 
illuminates an opal glass plate 
G. Bolund this plate a cylin- 
drical shutter C with a care- 
fully graduated opening is moved by a 
handle carrying a pointer which travels over 
a scale on the outside of the instrument. 

^ Ovt. Soc. Trans., 1910-11, xii. 06. [This paper 
describes tlic original lorm of the instrument whicii 
has now been revived. The description liere given 
refers to a modified form introduced about 1912.] 
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The light from the part of G exposed 
by C illuminates the screen. S, which con- 
sists of an exterior ring of white opaque 
material, and an inner clear circle. This screen 
is viewed through the eyepiece, the exterior 
test plate P being seen through the clear 
central portion of S, while the brightness of 
the opaque portion is varied to equality with S 
by altering the position of C. The shape of 
the opening in C is seen in the lower part of 
the figure. The breadth of the larger portion 
is ten times that of the smaller, so that at 
the transition point the scale is enlarged ten 
times. Theoretically the scales should be 
linear, but in practice errors up to 5 per cent 
and more are found with a linearly divided 
scale. Just at the point where the larger 
opening begins to come into operation, the 
error is, naturally, very large. 


showing bright, while thos 
appear dark. Previous cal 
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vanishes in this way, and 'fci 
can be used for obtaining <1 
mate value of the illuminatl 
The lamp is supplied frc 
tained in the box, and a 
regulating resistance are sup 
fall of voltage of the cell to 
A somewhat similar ins 
scribed - by H. T. Harrison 
§ (64) The Meashremb^st' 
— In both the luxometer 
the test surface is quite s 
photometer, and in fact 1 
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as illumination. For, if 'tl 
of the white card be R, t 
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Fig. 49. 

Both these instruments are adapted for 
measuring low illuminations by the provision 
of neutral glasses N, N, of known transmission 
ratios, which can be inserted at will between 
the test surface and the eyepiece. In the 
lumeter these consist of double wedges, so 
that adjustment to convenient ratios, such 
as OT and 0-01, is possible. 

§ (63) The Sharp Foot-candle Meter. — 
For rapid approximate measurement of illu- 
mination a portable photometer has been 
devised by Sharp and modified by Sackwitz.^ 

It consists of a box containing a trough, 
over which lies a white screen with a line of 
translucent circles in it, this screen being 
illuminated from beneath by a lamp placed at 
the end of the trough. The brightness of the 
circles diminishes gradually from one end of 
the screen to the other, and when the box is 
placed in any position, one of the circles is 
found to disappear, those on the right still 

* Sharp, Elect- World, 1916, Ixviii. 569 ; Sackwitz, 
Am. Ilium. Eng. Soc. Trans., 1918, xiii. 292. 
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of battery voltage is of first importance. 
Most such photometers are provided with a 
switch so that the lamp can be switched on 
only when the readings are being taken. The 
discharge of the battery is thereby much 
reduced, and, as the. current of the lamp does 
not generally exceed half an ampere, a storage 
cell of 10 to 20 ampere-hour capacity will 
maintain a constant supi^ly voltage over a 
considerable period of use. The voltage of 
the batterj’’ on discharge must be frequently 
checlced, and recharging should be commenced 
as soon as the voltage has dropped 5 per cent 
of its value. .During this time the readings 
of the photometer must be reduced by 3-7 
or 5 per cent for every 1 per cent drop in 
voltage, according as the lamp filament is of 
tungsten or carbon. The cell when first taken 
off charge should be discharged at about half 
an ampere for at least an hour before being 
used on the photometer, This avoids the 
initial over-voltage. 

§ (66) Preoautiosts in ttsing a Portable 
Photometer. — The most frequent source of 
trouble in portable photometers employing an 
electric lamp, is faulty contact at some part of 
the circuit. At the very low voltage used, the 
shghtest fault in a contact causes a noticeable 
decrease or fluctuation in fhe light. The 
leads to the battery should be tightly screwed 
down on to perfectly clean terminals, and it 
is inadvisable to undo them during the taking 
of a set of readings. All contacts inside tlie 
photometer should be soldered, and the lamp 
socket must be of the screw type with the 
lamp well screwed down into the socket. If 
a switch is provided for the lamp, it is neces- 
sary to ensure that it makes good and 
constant contact when in the “ on ” position. 

All portable photometers require frequent 
checking at two or three points of their 
scale, against known illuminations provided 
by a standard lamp at definite ^stances 
from the test plate. When all the precautions 
detailed above have been observed, the beat 
of these instruments may be relied upon to 
an accuracy of about 2 to 3 per cent over the 
most favourable part of its scale. 

The measurement of illumination, both by 
daylight and artificial light, is becoming 
increasingly frequent and important. In 
several countries codes of illumination re- 
quix’ed for particular kinds of workshop and 
factory processes are enforced by legislation. 
Extensive rules have also been framed for the 
lighting of schoolrooms, and the illumination 
of shop windows, public halls, churches, 
theatres, and other buildings has lately re- 
ceived considerable attention.^ 

§ (67) The Meastjeement oe Illumination. 

Vide Illuminating Engineer, London ; Trans- 
actions of the Illuminating Engineering Society of 
New Yorh ; Lighting Journal, and other publications. 


— The method of making illumination measure- 
ments is to place the test plate at the position 
where the illumination is required, and to 
determine this by means of a photometer 
similar to one of those above described, taking 
care that the body of the observer shields 
as little light as possible from the test plate. 
Unless otherwise stated or cleai'ly implied, 
it is usual to assume that the test plate is 
placed horizontally, and very frequently the 
floor level or the 1 -metre level is adopted 
for all the measurements. More frequently, 
however, the plate is placed horizontally on 
the desk, loom, bench, lathe, etc., where it is 
desired to know the illumination. Sometimes, 
as in planning a picture gallery, the illumina- 
tion of a' vertical surface is of primary 
importance. In such cases, of course, the 
vertical position is adoiited for the test 
plate. 

§ (68) The Calculation op Illumination. 
— ^If it be desired to predict by calculation the 
distribution of illumination which will result 
from any given 
arrangement of 
light sources, this 
may be done from 
the polar curves 
of the sources to 
be used. For(.Fif;. 

50) the illumina- 
tion of a horizon- 
tal plane at A, due 
to a source at 
L of which the candle-power in the direction 
LA is J, will bo Jeos^/LA^ or J cos^Olh'^, 
where h is the vertical height of L above the 
horizontal plane through A. Thus the total 
illumination at A will be SJ cos? 6 jh^, the sum- 
mation being made for all the sources which 
send light directly towards A. 

In illumination calculations it is usual to 
assume some simple form of polar distribution 
which approximates to that of the actual light 
source to be used. The great variety of the 
polar curves of present-day sources make it 
useless to do more than give a single example 
of such calculations. Por other examples 
the reader is referred to some book on illumina- 
tion engineering, such as Gaster and Dow, 
Modern lUuminanls and Illuminating Engineer- 
ing ; Trotter, Illumination : its distribution 
and Measurement ; Bohle, Electrical Photometry 
and Illumination ; Uppenborn, Lehrbuch der 
Photometrie ; Steinmetz, Radiation, Light and 
‘Illuinination; etc. 

§ (69) The Illumination Curve. — If 
W'e have a number of equal light sources 
of Imown polar distribution placed in line 
at a given height, the curve showing the 
variation of illumination along the line 
vertically beneath the sources can be very 
readily obtained. Prom the expression given 



A 

Fig. 50. 
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above, it is easy to obtain, from the polar 
curve of the source, the diagram connecting 
the illumination at a point P, due to a single 
source, with the horizontal distance of P 
from the source. This has been done in 
Fig. 61, where the heavy line is the curve of 


900 Candles 
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Distance in Metres 


illumination along a line 10 metres below a 
source having the polar diagram shown. If 
now the sources be spaced 20 metres apart as 
show in Fig. 62, a curve like that in Fig. 51 
is placed in its proper position under each 
source and the ordinates are 
added to produce the full Hne 
curve which shows the dis- 5 
tribution of illumination due 
to all the sources together. It 4 

will be obvious that the 5 

method may be applied to _cgj s 

other arrangements of sources c 

or to a variety of different 

sources, though the calcula- .5 ^ 

tions will not be quite so I 

"simple as in the case of the ^ 1 — 

example given above. ^ 

The curve of Fig. 62 is ~ 

termed an illumination curve. O 
It shows only the distribution 
of illumination along a single 
line. If it be desired to 
show the distribution over an area, this is 
most conveniently done by means of an 
iso-lux diagram, or contour map of equal 
illumination. Trotter ^ has described the 
method of constructing such a map. The 
simplest case is that of two sources. Strips 
of paper are marked off with a scale represent- 
ing the illuminations due to a single source 

^ Illumination : its Distribution and Measurement, 
p. 40. 


at various horizontal distances from that 
source. Such a scale corresponding to the 
curve of Fig. 51 is shown at the base of that 
figure. Two such scales are pinned to 'a 
sheet at points representing the positions of the 
two sources (see Fig. 53) and marks are made 
at the points of intersection of the scales 
where the sura of the graduations has a given 
value. For example, the 4-lux contour is the 
line joining the points where the scale marks 
0-5, 3-6 ; 1, 3 ; 1-5, 2-5 on the two scales 
respectively are coincident. The complete 
contour map is shown in 
Fig. 53. The larger the 
number of sources, the more 
complicated become the 
necessary calculations. A 
large number of such maps 
are given by Trotter (Inc. 
eit.), Blondel, Uppenbom,^ 
Steinmetz,® and Marechal.^ 

It will be seen that, 
although either an illumina- 
tion curve or an iso -lux 
diagram may bo used to 
obtain a mental conception 
3 40 of the effect of a given 

system of light sources of 
known distribution, yet it 
is stiff necessary to have 
some definite figure by which the illumina- 
tion performances of two lighting systems 
may be compared. This is analogous to the 
comparison of the light-giving power of two 
sources by means of their average candle- 
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powers instead of by the more detailed but 
comparatively cumbrous polar diagrams. 

§ (70) Thb Average Itxttmtnation. — 
Various suggestions have been made for a 
basis of comparison of different illumination 
systems. On the whole the average illumina- 
tion, or, what is equivalent to it, the average 

“ Uppenborn and Monasch, loc. cit. 

° Stemmetz, loc. cit. 

* L’JSclairaoe d, Paris. 
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flux per unit area (generally expressed in 
lumens per square metre or per square foot), 
has been most generally adopted for indoor 



over a circle 1000 sq. metres in area is equal 
to the mean ordinate of the area OABC on the 
diagram, i.e. to 1'86 metre-candles. 

(iii.) Bloch’s Method of calcxdating Average 
Illumination . — Two methods which have been 
proposed for the approximate calculation of 
the average outdoor illumination due to lamps 
having a given distribution will be shortly 
described. In the first, due to Bloch,^ the area 
is divided into a number of rectangles so that 
there is a lamp in the centre of each rect- 
angle. The radius of the circle which has an 
area equal to that of the rectangle is then 
found, and the average illumination over this 
circle is obtained from the polar diagram of the 
source. This is equal to the total radiation 
emitted by the source within the cone having 


illumination. Tliis means that, for a direct 
lighting system where the reflection from walls 
and ceiling can be neglected to the approxi- 
mation desired, the average illumination in 
metre-candles will be equal to the total mean 
lower hemispherical candle-powers of all the 
sources in the room, multiplied by 27r and 
divided by the area of the room in square 
metres. 

(i.) The Variation Factor. — This system 
gives no indication as to the distribution 
of illumination over the room. If there be 
only a few sources of high candle-power 
the illumination will be concentrated in the 
regions underneath a source, leaving the outer 
parts of the room in comparative darkness. 
For this reason a second figure, giving the 
ratio of maximum to minimum illumination 
in the useful area of the room, has been 
proposed as an addition to the average 
illumination. This figure may be termed the 
“ variation factor.” 

(ii.) Trotter’s “ Characteristic Curve.” — 
Another method of describing an illumina- 
tion system has been called by Trottet ^ a 
characteristic curve. This is a curve having 
for its abscissae areas, and for ordinates the 
values of the minimum illumination over those 
areas. Thus, referring once more to the illu- 
mination diagram shown in Fig. 51, it will be 
seen that the illumination at all points within 
a circular area of radius 10 metres equals or 
exceeds 2'1 metre-candles. The area of tMs 
circle is 314 square metres, and therefore the 
point (314, 2-1) is a point on the characteristic 
curve which is shown in Fig. 54. Since the 
abscissae of this curve represent areas, the 
mean ordinate of this diagram, as far as any 
given ordinate, is equal to the illumination 
over the circle having an area represented by 
that ordinate. Thus the average illumination 

* ^ Log. cit, p. 68. 
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the lamp as apex and the circle as base, 
divided by the area of the circle. 

In this method the effect of neighbouring 
lamps is neglected, making the calculated 
value too low; but, on the other hand, the 
conversion of the rectangle into a circle makes 
the value too high, so that these errors tend 
to neutralise each other. Bloch proposes that 
for street lighting the value so obtained shall 
be multiplied by the factor (l' 2 - 0 -l 7 ), where 
7 is the ratio of the distance between the lamps 
to the width of the street. 

(iv.) Hogner’s Method of calculating Aver- 
age Illumination. — Hogner’s method is more 
accurate, but rather more laborious. The 
rectangular area surrounding a source is 
divided into four smaller rectangles with 
their common corner at the point vertically 
below the lamp. Each of these four rect- 
angles is then further subdivided into still 
smaller areas by the construction shown in 
Fig. 55. Points X^, Xj . . . Yj, Y^ . . . are 
marked off on AB and AC, so that the lines 
Xi L, Xa L . . . and L, Yg L . . . make angles 
of 10°, 20° . . . with the vertical. Mutually 
perpendicular ordinates drawn through Xj, 
Xa . . . and Yi, Yg . . . divide the area into 
a number of small rectangles such as PQRS. 
Now each of these rectangles is regarded as 
forming the base of a pyramid having L as 
apex, and the solid angle w, and the inclination 
to the vertical 6, of the line joining its centre 

“ Elehtrot. Zeits., 1906, xxvil. 493. 
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to L has been found and tabulated for each 
such rectangle. It only remains, therefore, to 
find the candle-power of the lamp at any angle 

and to multiply this by the value of w (in 
ateradians), to find the total flux reaching 
the base of the pyramid. The total flux 
over the whole area being thus found by 
addition, the average illumination can be 
calculated. 

It will be clear that the illumination due to 
a given system of sources cannot be altered in 
distribution if the candle-power of all the 
sources be altered in the same ratio. It there- 
fore follows that to determine the candle-power 
required for a given illumination Ej, using 
sources of known distribution arranged in 
a certain way, it is only necessary to calculate 
the illumination due to such a system of 
sources of candle - power J. Suppose 
this illumination is found to be Eg. Then 
the candle-power required is JEa/Ej. 

This refers equally to illumination at 
a point and to average illumination 
over an area. 

§ (71) Factors involved in Indoor 
Ltghtino Design. — What has been said 
above refers to the measurement or 
calculation of the 
actual illumination at 
a point, or the average 
illumination over an 
area, due to a given 
system of light 
sources. But it will 
be obvious that in 
designing any system 
of lighting the degree 
of illumination pro- 
duced is only one out 
of several factors, all of which have to receive 
consideration. Every particular case will pre- 
sent its own special problems, and only the 
most general rules can be given here as an 
indication of the principal factors which enter 
into the design of all lighting systems. 

The problems of indoor illumination must 
be treated quite separately from those of 
street lighting and outside illumination 
generally. The requirements of an indoor 
system may be briefly summarised as (1) 
adequate intensity, (2) proper distribution, 
(3) absence of glare, (4) avoidance of excessive 
contrasts — and these will be dealt with in turn. 
For a discussion of the particular problems 
presented by the many classes of indoor 
illumination, and of the manner in which these 
may be dealt with, the reader is referred to 
chapter ix. of Modern Ilhminants and lUv- 
minating Engineering, by Gaster and Dow. 

§ (72) Illumination e.eqttir'ed nor Vari- 
ous Processes.' (i.) The Amount. — ^The neces- 
sary illumination for various types of room, 
workshop, etc., depends almost entirely on the 


nature of the work. For reading, writing, and 
similar work an illumination of 30 to 60 metre- 
candles has been proposed.. For such places as 
foundries, where the illumination has to be 
general and no fine work is done, 10 to 20 
metre-candles is generally regarded as sufficient, 
while for a drawing-office 80 metre-candles 
is needed, and in the special case of a shop 
window, where display is required and the 
goods to be shown are of a dark colour, as 
much as 200 metre-candles may be used with 
advantage. Tables of the intensities suggested 
for various purposes have been frequently put 
forward.’- It has been found that for similar 
work with materials of different reflection 
ratios the illumination required is inversely 
proportional to the reflection ratio. ^ 

(ii.) Distribution of Illumination. — The 
proper distribution of the light is most 
important. A room in which nearly all 
the light is concentrated in one com- 
paratively small area, while the re- 
mainder is in semi-darkness, cannot be 
regarded as well lighted. If work is 
carried on only at one or more particular 
parts of a room, a general illumination 
of 2 to 5 metre-candles should be pro- 
vided, with the addi- 
tion of local lights 
to give the necessary 
illumination at the 
points where it is 
specially needed. For 
reading, the light 
should preferably 
come from behind, 
while for writing it 
should come from 
the left front. 

(iii.) Avoidance of Glare. — The avoidance 
of glare is of the utmost importance if eye- 
strain is to be avoided and the light pro- 
vided is to be properly appreciated by the 
eye. Even sources of low intrinsic bril- 
liancy should be shielded from direct vision, 
and it has been generally agreed that an 
intrinsic brilliancy of 3 to 5 candles per 
square inch should not be exceeded in any 
source, shade, or reflector which the eye is 
liable to see by direct vision. It is a matter 
of common experience that exposure to a very 
brightly illuminated surface renders the eye 
less capable of properly appreciating the forms 
of objects having a lower intrinsic brilliancy, 
so that if glare be not avoided a much higher 
general illumination is required. 

Excessive contrasts, generally in the form 
of deep shadows, are annoying to the eye in 
domestic lighting, and may be sources of the 
utmost danger in street or factory lighting. 

' Gaster and Dow, loc. cit. p. 329. 

“ Report of Departmental Committee on Lighting 
in Factories and Workshops, 1. 37. 
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On the other hand, an almost complete absence 
of shadow is most unsuitable for work requiring 
perception of fine detail, such as sewing, watch- 
making, etc.^ The attainment of the above 
requirements in any particular case is a, matter 
requiring much experience of illumination 
engineering. 

(iv.) Direct and Indirect Lighting. — For the 
sake of convenience, systems of indoor light- 
ing have been classified as direct, indirect, 
and semi -indirect. In the first-named system, 
the light from the source reaches the area to 
be illuminated by a direct path and does 
not suffer any change of direction once it 
has left the lighting unit. In an indirect 
system, on the other hand, the light is all cast 
upwards to the coiling, or to a reflector placed 
above the source, so that the light reaching 
the lower part of the room has suffered at 
least one reflection on its way. In the semi- 
indirect system of lighting, part of the light 
from the source illuminates the room directly, 
the remainder by reflection. In addition to 
the ceiling, the upper part of the walls has a 
considerable share in the distribution of the 
light from an indirect or semi-indirect system. 
Both of these systems, owing to the great area 
from which the light is received by the lower 
part of the room, avoid all possibility of glare, 
and cause a very great softening of shadows. 
With a totally indirect system, the lack of 
shadow may be so pronounced as to cause 
inconvenience if the room is used for certain 
kinds of Avork. 

Combination of indirect general lighting 
with direct local lighting is frequent and 
possesses many of the advantages of both 
systems. With indirect or semi -indirect 
systems and, to a less extent, with direct 
systems of lighting the reflection ratio of walls 
and ceilings has a marked effect on the in- 
tensity of the sources required to produce a 
given illumination. Walls with a very high 
reflection ratio may increase the illumination 
by 40 to 50 per cent over that obtainable with 
very dark walls.^ In general it may be assumed 
that with a white ceiling the sources used in 
an indirect system of lighting require to have 
double the intensity of those used for a direct 
system. Useful tables of the consumption of 
power by various illuminants, when producing 
an illumination of one foot-candle on the 
working plane, have been given by Gaster and 
Dow ^ and by Uppenbom.'^ 

§ (73) OuTDooE, Illumination. — The re- 
quirements in the case of outdoor illumination 
are somewhat different. In street lighting 
the need is for as even an illumination as 
possible with the comparatively wide spacing 

^ Departmental Committee on Lighting in Factories 
and Workshops, loc. cit. 

“ Gaster and Dow, loc. cit. p. 326. 

® Loc. cit. p. 323. 

* Lehrbuch der Photometric, p. 179, 


necessary. This is partly accomplished, either 
by specially designed reflectors which con- 
centrate the light in a direction only slightly 
below the horizontal, or by placing the lighting 
units at a considerable distance above the road- 
way. A minimum illumination of 1 metre- 
candle is regarded as necessary for important 
thoroughfares.® 

Other problems which come under the head 
of outdoor lighting are the iUumination of 
railway platforms and goods-yards, parks, 
bridges, and open spaces. The illumination of 
signboards and building exteriors for spectacular 
purposes are also cases requiring special treat- 
ment. For these a work on illumination 
engineering should be consulted. 

§ (74) Daylight. — What has been said so 
far has been with reference to illumination 
by artificial light. But it will be obvious 
that the methods of illumination measure- 
ment, and the photometers which have 
been described, may be employed equally 
well for the measurement of daylight illu- 
mination. The chief difficulty met with, that 
of the great colour difference between day- 
light and the light from the comparison 
source used in a photometer, may be over- 
come to a certain extent by the use of a 
blue glass or gelatine filter between the com- 
parison lamp and the surface it illuminates 
(see § (101) in “Colour Photometry”). This 
has the disadvantage of reducing the illumina- 
tion of the comparison surface, whereas the 
illumination to be measured is generally high 
in the case of daylight. This has led to the 
use of a yellow filter placed between the test 
surface and the eyepiece, but this has the dis- 
advantage that the transmission ratio of the 
filter may vary with the colour of the daylight 
to be measured. 

(i.) Daylight .Factor. — A further complica- 
tion in the case of measurements of interior 
illumination by daylight arises from the fact 
that the daylight is constantly varying in 
intensity. A simple measurement of the illu- 
mination at a point inside a room on a 
particular occasion, therefore, does not give 
the information required, for clearly this will 
depend on the illumination prevailing out- 
side the building, and hence a Icnowledge of 
simultaneous values of indoor and outdoor 
illuminations is essential if any information of 
permanent value is to be obtained. On a dull 
day with a grey sky, the illumination at a 
point inside a building bears a very nearly 
constant ratio to the illumination at a point 
outside. This ratio, expressed as a percentage, 
has been termed the daylight factor at the 
point 'and is taken as giving some indication 
of the illumination at the point when the 
outside illumination is known. 

(ii.) Variations of Daylight. — It is seldom 
' Gaster and Dow. loc. cit. p. 419. 
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realised how rapid and how great are the 
variations which take place in daylight illu- 
mination. Some experiments on these have 
been described by C. C. Paterson and the 
author.^ 

The conditions exerting the greatest influence 
on daylight illumination are three, viz, (i.) 
time of day, (ii.) time of year, (iii.) meteoro- 
logical conations. 

(iii.) Variation with Time of Day. — As to 
the flirst, experiment has shown that the 
gradual rise of illumination at sunrise closely 
corresponds with the fall at sunset, and that 
the change of illumination takes place at a 
more uniform rate when there is a dull grey 
sky than when the sky is blue and cloudless. 
The sunset and sunrise illuminations do not 
vary with the time of year, but only with the 
meteorological conditions, and may be assumed 
to lie, generally, between 100 and 500 metre- 
candles ; 250 metre-candles may be taken as 
a fair average value. 

(iv.) Variation with Time of Year. — ^As to 
the variation with time of year, the average 
results of a very largo number of observa- 
tions extending over nine months gave the 
curves shown in Fig. 66 for the variation of 



I’m. 66, 


daylight from 5 a.m. to 7 r.M. on average days 
at different times of the year. On this diagram 
the horizontal scale represents the time of day, 
and the vertical scale foot-candles of illumina- 
tion under an open sky. There are three 
curves, representing average days in June, 
September, and December respectively. A 
horizontal line has ' been drawn through the 
curves at the 600 foot-candle level for the 
purpose of illustration, and it will be seen that 
the line cuts the December curve at 10 a.m. 
and 2 p.m. It follows that any room in a 
building for which the daylight factor is below 
0-2 per cent will have less than 1 foot-candle of 
daylight illumination before 10 A.M. and after 
2 p.M. on an average day in December, while 
in June the corresponding times are 6 a.m. and 
6 p.M. respectively. 

It may be said, further, that there, is, on the 

* First Report of the Departmental Commiiiee on 
Lighting in Factories and Workshops, IBIB, i. 63. 


average, an outside illumination of about 100 
foot-candles 30 minutes after sunrise and 
before sunset, so that a position in any building 
with 1 per cent daylight factor has, on the 
average, an illumination of 1 foot-candle 30 
minutes after sunrise and before sunset. 

Although the sunrise and sunset illumina- 
tions do not vary appreciably from summer to 
winter, the mid-day illumination falls from an 
average of about 4000 foot-candles in June 
to 700 foot-candles in December, the inter- 



PiG. 57. 


mediate distribution being of the nature of 
that shown in Fig. 57. 

(v.) Variation with Meteorological Conditions. 
— The variations in the daylight illumination 
arising from even small changes in atmospheric 
or cloud conditions are often surprisingly great 
and take place with extreme rapidity. The 
diagrams in Fig. 58 show the magnitude of 
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such variations on representative days. The 
first gives an approximate record of the day- 
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light illumination observed on a bright day in 
March (17th), when there was a large number 
of grey and white clouds over the sky. The 
second shows the comparative steadiness 
found on a day with a very uniform and dull 
grey sky at the same time of year (March 30th). 

It will be seen from the first example that 
the illumination may vary by upwards of 80 
per cent within a few minutes. Also two days 
of a different type, though in the same month, 
may give widely different average illumination 
values at the same time of day. Thus the 
midday illumination on one day when it was 
very dull and drizzling was 150 foot-candles, 
while three days later, at the same time of 
day, it was 1200 foot-candles. Of the various 
factors affecting the illumination, the number 
and brightness of the clouds are, perhaps, the 
most important. A bright cloud upon which 
the sun is shinmg has a brightness far exceeding 
that of the surrounding blue sky, and as such 
a cloud changes its position in the heavens its 
brightness, as well as its capacity to produce 
illumination at any particular position, will 
both change considerably. With a large 
number of such clouds in the sky it is not 
surprising that the illumination should fluctuate 
rapidly. The clearness of the atmosphere, too, 
has naturally a considerable influence on the 
illumination, but this effect is not capable of 
such rapid variations as that due to clouds. 
The probable limits between which the day- 
light illumination at any time may be ex- 
pected to lie are indicated in the table. The 
values there given are based on months’ 
observations taken at the National Physical 
Laboratory from March to December 1914. 
Observations over a more extended period 
might lead to some modification of the averages 
given. The values of illumination considered 
throughout are those measured on a horizontal 
plane placed in an open field with a practically 
unobstructed horizon. The direct sunlight 
was always shielded from the test cards. 

Table 


Month. 

Midday Illumination (Toot- 
candles). 


Highest. 

Lowest. 

Mean. 

1914. 

April . . 

6340 

710 

3200 

May 

5430 

1050 

3200 

June 

5160 

2420 

4100 

July ) 

Sufficient observations not 

August j 

September . 

3030 

available. 

870 

1180 

October 

2610 

152 

1300 

November . 

2600 

130 

1100 

December . 

1160 

360 

720 


§ (75) Measurement of Daylight Paotoe. 
— In view of what has been said above as to 


the variability of daylight, it would appear 
that the only satisfactory method of siiecifying 
the daylight illumination of a room is by its 
daylight factor, either the minimum, or an 
average for the whole room, being talcen. 
This involves simultaneous measurements of 
illumination inside and outside the building. 

A convenient method of arranging this is to 
have one observer taking readings at regular 
one-minute intervals on a test plate so situated 
that it receives unobstructed light from the 
whole sky. At the same time, another observer 
inside the building takes readings at convenient 
intervals (consisting of an integral number of 
minutes), and the daylight factors are sub- 
sequently calculated from the two sets of 
data. This was the method adopted by the 
author in making 4000 measurements of day- 
light factors for the Home Office Committee 
on Lighting in Factories and Workshops. 
(Eeport, vol. iii.) 

§ (76) Trotter Photometer Daylight 
Attachment. — There is one difficulty in apply- 
ing the method to buildings in crowTled areas, 
viz. that of finding a sufficiently open space for 
the outside measurements. Tliis may be par- 
tially overcome by the adoption of a device 
described by Trotter and Waldram. It may be 
readily shown that if E be the illumination of a 
test plate which is receiving unobstructed light 
from a complete hemisphere of sky of bright- 
ness B, then E=7rB. If now a vertical tube 
be placed over the test plate, and if an opening 
at the upper end of this tube be of such a size 
that the solid 
angle it subtends 
at the centre of 
the test plate is 
27r/1000, then the 
illumination of the 
test plate will be 
only 2E/1000, so 
that by providing 
the top of the tube 
with discs of vari- 
ous known aper- 
tures, the bright- 
ness of the test 
plate can be re- 
duced to a corre- 
sponding fraction 
of the illumination 
it would have 
received from the 
whole sky. The 
method of apply- 
ing this to the Trotter photometer is shown in 
Fig. 59. Thus only a very small proportion of 
unobstructed sky is needed, but of course the 
assumption is made that the sky is uniformly 
bright all over, and this is usually very far from 
being the case except with a dull grey sky. 

It is usual, in making daylight illumination 

2 G 
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measurements, to shield direct sunlight from 
the test card, though the fact that this has 
been done is generally stated. The aTerage 
daylight factor for side-lighted rooms of usual 
construction varies from 0*25 to 1 per cent. 
A room where the average daylight factor is 
4 per cent or over may be considered to 
possess exceptionally good natural lighting. 

VI. Life Testing op Inganbescent Lamps 

§ (77) Connection between Life anb Eppi- 
OIENCY. — There are, in the main, two charac- 
teristics of an electric glow-lamp which deter- 
mine the quality of its performance from the 
economic point of view. The first of these is 
its efficiency — i.e. the candle-power which it 
gives per watt of electrical energy consumed — 
while the second is its life, i.e. the number of 
hours for winch it may be expected to give 
this candle-power within certain specified limits. 
These two characteristics are so intimately 
connected that if the efficiency be increased by 
raising the voltage applied to the lamp ter- 
minals the life is inevitably reduced. This 
fact wiU. at once explain both the great im- 
portance of the life testing of electric lamps 
and the necessity for ensuring that such a life 
teat is carried out under the efficiency condi- 
tions at which the lamps are to operate in 
practice. 

§ (78) Fall op Canble - power, anb 
“ Smashing-point.” — In general, it is found 
that the candle-power of an electric glow-lamp 
of either the carbon or tungsten filament type 
falls gradually as the lamp is run (after a 
short initial period of somewhat uncertain 
behaviour, generally including a preliminary 
rise), and this fall of candle-power continues 
until the filament is fractured either by acci- 
dental mechanical shock or by some appar- 
ently spontaneous action while in use. It may 
frequently happen that the fall in efficiency 
of the lamp, after a certain period of time, 
reaches the point at which the additional 
power necessary to give the requisite amount 
of light is more expensive than the replace- 
ment of the lamp by a new one. The point 
at which this ' occurs is often termed the 
“ smashing-point ” of the lamp, and it is for 
this reason that it is necessary carefully to 
define the term “ useful life ” as applied to 
an electric lamp. Very frequently this is 
defined as the time which elapses before the 
candle-power falls to 80 per cent of its initial 
value (the voltage being maintained constant 
throughout the run), or to previous failure, 
provided this does not take place by accidental 
means (i.e. when the lamp is not burning). 

§ (79) Life-test Conbitions. — A life test 
may be made under several different sets of 
conditions, and these conditions must be 
carefully specified in order that the desired 


information may be afforded by the test. 
The simplest form of test is that in which 
the lamps are run throughout at constant 
(generally rated) voltage, all the photometric 
measurements being made at this voltage. 
Such a test does not, however, give the most 
reliable information as to the life performance 
of a set of lamps. Since life testing must 
necessarily be by safnple, it is essential' that 
the conditions under which the sample lamp 
is run shall be such as to give the nearest 
approximation to the average life of the lamps 
which it represents. This is best attained by 
a test at definite efficiency, i.e. the average 
working efficiency of the batch of lamps re- 
presented by the life-test lamps. This of 
course involves the adjustment of the voltages 
on each of these lamps to the values at which 
they give this definite efficiency. In general, 
therefore, each life-test lamp must run at a 
voltage peculiar to itself, and provision must 
be made for this arrangement in designing any 
equipment for the life testing of electric lamps. 
A less satisfactory alternative, when this correct 
procedure is not possible, is to select as life- 
test lamps those whose efficiency at rated 
voltage happens to be nearest to the moan or 
rated value. These lamps are then tested for 
life at rated voltage. 

§ (80) Fokoeb Life Test. — The life of 
most modern electric lamps at normal working 
efficiency is from 600 to 2000 hours, and many 
attempts have been made to avoid the long 
delay occasioned by tests such as those de- 
scribed above, and to substitute tests at a 
higher efficiency. By this means a shorter life 
is obtained, and then some form of correction 
factor is applied in order to calculate the life 
at normal efficiency. Such a test is termed a 
“ forced ” life test. The chief difficulty of this 
method lies in the fact that correction factors 
differ widely for lamps of different construc- 
tion, and reliable factors can only be obtained 
as the result of life tests of large numbers of 
similar lamps under normal and “ forced ” 
conditions. Even with this information the 
correction factor can only bo applied over a 
comparatively small range of efficiency, but 
nevertheless a considerable amount of time 
is saved by adopting this procedure where 
accuracy is of less importance than speed. 
The subject of the correction factors applied 
in forced life tests will be referred to again in 
the concluding paragraphs of this section. 

§ (81) Life -TEST Installation. — From 
what has been said above, it wiU be clear that 
in any life-test installation two requirements 
of first importance are (1) a current supply of 
which the voltage is carefully regulated, and 
(2) arrangements for appl 3 dng any desired 
voltage to each particular lamp on test. 
The apparatus used for this purpose at the 
large testing laboratories are generally similar 
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differing only in details of arrangement. The 
description here given is of the installation at 
the National Physical Laboratory,^ but that 
of the Bureau of Standards ^ is not greatly 
different in general principle. 

§ (82) Voltage Regulation. — An alter- 
nating current supply of 55 cycles and 240 
volts from a dynamo, coupled with a Tirrill 
regulator, feeds an autotransformer from which 
leads are taken to a number of racks supported 
in an iron framework. A diagram of the 
wiring of one of these racks is shown in Fig. 
60. The pick-off points of the transformer 



240 Volt Generator 

'Em. 60.. 


permit of any desired voltage in steps of 
5 volts being applied to the leads of any 
rack. This voltage is further adjustable by 
means of a series resistance so that if lamps 
are being run at specified voltage they can be 
put in the sockets on the rack, and the ter- 
minals TjT^, TjTa, etc., can be connected by 
short pieces of copper wire. More frequently, 
however, the voltage at the terminals of each 
lamp on the rack is different, and then small 
resistances of the form shown at R in Fig. 61 



are inserted between the terminals TjTj, 
TjTj, etc. Each of these resistances is, to 
the nearest tenth of an ohm, that required to 
give, with the current taken by the lamp to 

^ Paterson and Rayner, lUum. Eng., London, 
1908, i. 8i5. 

Middleloinff, Mulligan, and Skogland. Bureau 
of Standards Bull., 1916, xii. 607.' 


which it applies, the necessary voltage drop 
between the rack leads and the lamp terminals. 

§ (83) Candle - power Measurements. — 
Before the lamp is put on life test, measure- 
ments of candle-power and current at various 
voltages are made in the usual way (see § (20)), 
and the voltage at which the desired efficiency 
is obtained is then deduced. This voltage 
then becomes the life-test voltage of the lamp, 
and no attempt is made to alter this voltage 
as the efficiency of the lamp falls with lapse 
of time. Eurther, the candle-power measure- 
ments at stated intervals duiing the run are 
made either at this life-test voltage or, more 
frequently, at rated voltage. These measure- 
ments are often made at the expiration of 
0, 50, 100, 200, and each subsequent 200 hours 
after the commencement of the test. In the 
case of a forced test the intervals at which 
candle-power measurements are made may be 
much shorter than this, as the total life is 
reduced in length. 

§ (84) Position oe the Lamps. — ^The card 
shown in Fig. 61, close to a lamp, is a very 
useful auxiliary in practical working. It 
shows, for the lamp in question, the reference 
number of the lamp, its position on the life- 
test rack, the voltage applied across the rack 
leads, and the resistance necessary to reduce 
this voltage to the life-test voltage of the 
lamp. The racks are so arranged on their 
framework that the lamps can be burnt 
upright or pendent, the latter being the more 
usual condition. The racks are inspected at 
frequent intervals find failures are noted, as 
far as possible, to the nearest hour. It is the 
usual practice to regard any lamp, the filament 
of which fractures when no current is passing 
through it, as having been accidentally broken. 
The results on such a lamp are then not 
included in determining the average life of the 
group to which it belongs. If the filament of 
a lamp break, and fall across another iiortion 
so as to complete the circuit through the lamp 
and cause it to bum, that lamp is nevertheless 
regarded as broken, and removed from the test. 

§ (85) Lies -TEST Curves. — Lamps are 
generally run until failure of the filament 
occurs, or until the candle-power, measured 
at one of the intervals mentioned above, shows 
more than 20 per cent drop below the initial 
value. The interpretation of life-test results 
is a matter requiring very careful considera- 
tion. It is usual to draw the candle-power 
time curve for each individual lamp, and then 
to draw two curves showing respectively the 
average candle-power and the average value 
of watts per candle for the whole number of 
lamps burning at any time. Thus in drawing 
these latter curves, lamps removed from the 
test, either on account of breakage or candle- 
power fall, are not included in computing the 
averages for times subsequent to their removal. 
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A set of such curves for a batch of six lamps 
is shown in Fig. 62, where the individual 
candle-power curves are shown on the left, 
and the mean candle-power and average 
watts-per-candle curves are shown respectively 
above and below on the right. The removal 
of a lamp from the test is indicated by an 
arrow at the appropriate point on the time 
scale. 

§ (86) Interpretation op Rbsttlts. — For 
specification purposes, however, it is desirable 
to have, in addition to the full information 
afforded by the curves, some figure of merit 
for the life-test lamps by which it may be 
possible to judge of the probable performance 
of the lamps they represent. The figure 
adopted by the British Engineering Standards 
Association in this country is the “ test life,” 
defined as the average number of houra burnt 
by all the lamps in a group throughout a 
specified running period. It is therefore the 
total number of hours burnt by all the lamps 


at which the lamp absorbs 1-23 watts per 
candle.^ 

The second method is to run the lamps at 
the voltage which gives them, initially, some 
specified watts per candle higher in efficiency 
than the normal by a constant amount. 

The life-test voltage having been determined 
as above, it is usual to make the photo- 
metric measurements at rated voltage for 
the sake of consistency and simplicity in 
records. Since the life test is considerably 
shortened in length of time taken, the intervals 
between the photometric measurements are 
correspondingly reduced. 

§ (88) Reduction op Forged Life Re- 
sults. — It is usual to reduce the life results 
of a forced life test to those of a test at normal 
efficiency by means of a relationship such as 
the folloAving : 

(Life) = (constant) x (watts per candle)”. 

For although Cady ® and Edwards ^ have 
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in a group, throughout each running period, 
divided by the number of lamps. 

§ (87) Forced Life Eppioienoies. — The 
advantages of speed and economy of power 
possessed by a forced life test were pointed 
out earlier in this article, as well as the diffi- 
culties attending the correct interpretation of 
such tests. These difficulties are diminished 
in proportion as the extent of the “ forcing ” 
is reduced. The extensive life testa carried 
out at the Bureau of Standards ^ are made at 
efficiencies corresponding to about 0-9 to 0-95 
watts per candle for tungsten lamps rated at 
from 1 to 1'16 watts per candle, and in many 
other cases the use of forced life tests is 
customary. 

The determination of the conditions at which 
a forced test is to be run may be made in two 
different ways. The first method is to measure 
the voltage at some stated watts per candle, 
and to multiply this by a constant factor to 
determine the forced test voltage, A forced 
test voltage in common use with this method 
in America is 130 per cent of the voltage 

^ Mlddlekaulf, Mulligam and Skogland, loo, cit. ; 
and Am. Ilium. Eng. Sqc. Trans., 1916, x. 814. 


shown that n is not constant over a wide 
range of variation of the efficiency, yet 
within the limits of 16 per cent in voltage 
above and below normal the error in the 
computed life will not be serious if the departure 
of the efficiency from the normal value is not 
too great. Lewinson has shown ® how much 
the value of the exponent n depends on the 
construction and type of the lamp under 
test. For 100-watt lamps of vaiious construc- 
tions tills exponent varied from 0-2 to 8-2 
with a mean of 7-4. For lamps of various 
sizes the value of n was also found to vary 
according to the following table : 


Watts. 

n. 

Watts. 

n. 

16 

6-8 

40 

7-4 

20 

7-2 

GO 

7-6 

26 

7-3 

100 

7-8 


Middlekauff, Mulligan, and Skogland ® use 


• Lewinson, Am. Ilium. Eng. Soc. Tram., 1916, xi. 
817. 

® Am. Ilium. Eng. Soc. Trans., 1908, iii. 459. 

• Oen. Electric Eev., lM4, xvli. 282. 

• Loc. cit. p. 822. • Loc. cU. p. 826, 
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the value 74 for all sizes of tungsten lamps 
from 25 watts upwards, and the value 5-83 
for carbon lamps. 

The same value of n cannot be applied to 
all interpretations of a forced life test. The 
figures given above refer to a “ useful life ” 
interpretation, i.e. life to 80 per cent of initial 
candle-power or earlier burn-out. For the 
60-watt lamp the value of n given by Lewinson 
for a “ total ” life interpretation — i.e. life to 
burn-out — is 6-6, while for an 80-per-cent life — 
i.e. hfe to 80 per cent of initial candle-power 
with all burn-outs eliminated — it is 7-6 instead 
of the figure of 7-5 given in the table above. 

An important factor in the loss of candle- 
power during the life of a lamp is the blackening 
of the bulb, especially if this be small compared 
with the size of the filament. Some lamps 
contain bulb - blackening, preventives, which 
depend for their effective operation on the 
temperature of the bulb. It will be clear that 
if the variation of the action of this preventive 
with change of temperature is different in two 
classes of lamps the life ef&ciency factor will 
be different also, and this effect requires 
consideration when forced life tests are being 
made. 

§ (89) Special Life -test Conditions. — 
What has been said above applies, in the main, 
to hfe tests of aU classes of lamps, but in the 
case of lamps required for use under special 
conditions it is often desirable that the hfe 
test should be carried out as nearly as possible 
under the conditions of use of the lamps 
represented. Thus, for example, lamps to be 
used in confined spaces should be represented 
on hfe tests by lamps burning in similar-sized 
spaces. Lamps to be run off small-capacity 
portable accumulators, where the lamp may be 
subjected to appreciable over-voltage at the 
beginning of each run, may be required to be 
tested for life on a circuit in which this over- 
voltage is imitated. Special hfe tests of this 
nature require special arrangements of the 
electrical circuits. 

§ (90) Ntjmbbu of Lamps required for 
Life Test. — It is also desirable that the 
number of life-test lamps should be a larger 
percentage of the total number of lamps 
represented than is the case with more normal 
te.sts. The standard specification of the 
British Engineering Standards Association 
calls for a life test on at least one-half of one 
per cent of the lamps in a batch, with a 
minimum of five lamps, in the case of ordinary 
tests, and this number should be doubled or 
trebled in the case of special or of forced tests, 

§ (91) Dependence of Life on Voltage. 
— ^When setting up lamps on life test it is, of 
course, necessary to ensure that failure of one 
lamp does not entail excess voltage on any 
of the others. Thus hfe-test lamps must not 
be set up in parallel on a circuit containing 


any appreciable external series resistance, 
otherwise the failure of one lamp will increase 
the effective resistance of the lamp portion of 
the circuit, with consequent rise of voltage, to 
act adversely on the life performance of the 
remaining lamps. Constancy of voltage is, in 
fact, one of the chief requirements of a reliable 
Life test, and the B.E.S.A. Specification, referred 
to above, calls for a limit of variation which 
shall not exceed 1 per cent as regards 
momentary fluctuations, or what is appreciable 
on an ordinary large - scale type indicating 
voltmeter as regards permanent error in the 
voltage at wlxich the lamps are run. The 
reason for this requirement is readily under- 
stood from the high value of the life efficiency 
characteristic when it is remembered that this 
means a life-voltage exponent of between 15 
and 20 for a vacuum-type tungsten-filament 
lamp. The degree of dependence of life upon 
ef&ciency for gas-filled lamps has not yet been 
determined, and it will probably prove to be 
extremely variable owing to the large number 
of independently variable conditions in this 
type of lamp. 

§ (92) Effect of Alternating or Con- 
TiNtroTJS Current. — It has been customary 
to consider that a life test may be run on 
either continuous or alternating current, and 
experiments by Mongini show that the 
results obtained by both methods are practi- 
cally identical. The same conclusion is 
reached by Merrill, Cooper, and Blake, ^ who 
found that actual switching on and off did 
not appreciably affect the life of the lamps. 
If, therefore, it be assumed that the only effect 
which might have a tendency to decrease the 
life on alternating current is that of the rush 
of current which takes place when a metal 
filament lamp is first switched on (due to the 
lower resistance of the filament when cold), 
the smallness of the effect on the life found 
for actual switching on and off can only be 
diminished when the current imirulses follow 
one another so rapidly tliat the degree of 
cooling in the filament is comparatively slight. 

VII. Heterochromatio Photometry 

§ (93) Effect of Colour Difference 
IN Photometry. — In the other sections on 
photometry it has been assumed throughout 
that the two surfaces whose brightnesses are 
being compared appear to the observer to be 
of the same colour. Such a condition is, 
however, the exception rather than the rule 
in practical photometry, except in cases where 
the work is confined to the measurement of 
sources which are very uniform in character. 
The eye is a very sensitive judge of colour 
difference, and when two exactly similar 

^ Atti dell’ Assoc. Fdettr. Ital,, 1913, xvii. 000. 

’ Am. I.B.E. Proc., 1010, xxlx. 046. 
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surfaces are seen, side by side in a photometer 
(as, for example, in the Lum'mer-Brodhun head), 
if they are illuminated by two tungsten lamps 
operating at efficiencies differing by as little 
as 2 per cent, a colour difference is just per- 
ceptible to the eye of a practised observer. 

Actually, in such a case, the light given by 
the less efficient lamp is very slightly yellower 
than that given bj’' the other, but the appear- 
ance in the photometer head is, by contrast, 
that of a slightly pink patch on a bluish field 
and vice versa. Even such a very slight colour 
difference as this is sufficient to reduce quite 
seriously the accuracy of a photometric 
balance. The colour difference makes it 
impossible to obtain exact equality between 
the two halves of the field, and the eye has 
to allow for the difference in hue when en- 
deavouring to obtain a balance of brightness. 
Of course much more serious differences are 
met with in practice when comparing electric 
glow - lamps with flame standards, or when 
measuring gas or acetylene sources by means 
of electrio glow-lamp sub -standards. When 
it is a case of measuring daylight illumination, 
or the light from a high-intensity electric arc 
by means of tungsten-filament sub-standards, 
direct comparison becomes very inaccurate 
indeed, and the majority of observers will, on 
different occasions, obtain readings differing 
by as much as 20 per cent. Eurther, different 
observers do not obtain results in agreement 
with one another, and it is therefore necessary 
that special methods shall be adopted for the 
comparison of lights in, which the colour 
difference exceeds even a small amount. 

§ (94) Methods oe Heteeoohkomatio 
Photometry. — Theoretically no physical 
equality can ever be obtained between lights 
of different colours, because the things being 
compared differ in kind as well as in degree. 
But physiologically it is a matter of experience 
that, provided the difference in kind be not 
too great, equivalence in degree can be 
established within assignable limits by 
observers having normal vision For even 
when signal-green and ruby-red lights are 
being compared, it is possible to raise the 
brightness of the green to such a degree that 
no doubt is left in the observer’s mind that 
the green is definitely the brighter of the two, 
while similarly there is a much lower intensity 
at which the red can quite confidently be 
asserted to be the brighter. The aim of 
heterochromatic photometry is to reduce 
these limits as much as possible for the oases 
met with in practical photometry, and this 
problem has been attacked, in the main, along 
three lines, viz. : (i.) the flicker method, (ii.) 
the use of coloured glass or gelatine filters or 
solutions, and (in.) the division of the colour 
difference to be dealt with into a number of 
smaller colour steps. 


§ (95) The Flicker Photometer. — The 
flicker method depends upon the pheno- 
menon of visual diffusivity in. the human 
eye (see article on “ The Eye,” § (19)). 
When two bright surfaces are presented 
to the eye iu rapid alternation a flicker 
is perceived, the degree of which depends 
both on the rapidity of the alternation and 
also on the identity of the two surfaces 
as regards brightness and colour. The more 
nearly identical the surfaces the slower the 
speed at which flicker ceases to be percep- 
tible, and the principle of the flicker photo- 
meter lies in producing a rapid alternate pre- 
sentation of the two comparison surfaces to 
the eye of the observer, and the adjustment 
of their relative brightnesses until no flicker 
is observed at a comparatively Ioav frequency 
of alternation. 

§ (96) The Whitman Photometer. — 
Several instruments have been designed on 
this principle. That of Whitman ^ is shown 
in plan in Fig. 63. C is one comparison 
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surface, and AB the other. AB consists of 
a disc of the shape shown in the right-hand 
bottom corner of the figure. Rotation of 
AB about the axis K causes the eye at F 
to see first one and then the other comparison 
surface in succession. A photometric balance 
can be repeated with this instrument to about 
2 per cent when using lights of the same hue. 
The accuracy is of course less with different 
coloured lights. 

§ (97) The Beohstein Photometer. — 
Rood employed a plano-concave cylindrical 
lens oscillating in front of a Ritchie wedge so 
that first one side and then the other was 
brought into the field of view. This piinciple 
has been developed by Bechstein,® who uses 
the lens and prism system shown at L in 
Fig. 64. In the position shown in the figure 
the eye at A sees a circular field of which the 
outer annular portion is due to the right-hand 
side of the prism P, while the inner circular 
portion is due to the left-hand side of P. If 
now L be rotated as a whole through 180“ the 

^ Phys. Rev., 1895-96, Hi. 241. 

* ZeUa. Instrumentenjc; 1916, xxvl. 249 
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outer and inner parts of the field are respect- 
ively illuminated by the left- and right-hand 
sides of P, so that as L is rotated by a small 
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electric motor an alternation of contrast is 
obtained in the field of the photometer. 

§ (98) The Simmance-Abady Photometer. 
— In the flicker photometer of Simmance and 
Abady^ a plaster cUsc consisting of a com- 
bination of two truncated cones 
is used. Its formation may be 
best understood from Fig. 65. 
ABCD and EFGH are two exactly 
similar truncated cones, divided 
respectively by the planed AC 
and EG. The portions ABO and 
EGH are removed, and EEQ is 
then placed on ACD so that the 
resulting solid has the form shown 
in Fig. 66, which represents it as 
seen edge-on in four positions 90° apart. It 
will be clear that if the two sides of such a 
disc be illuminated by the two sources to 
be compared, the fine of demarcation will 
swing back and forth across the field of view 
for every rotation of the disc, and thus a 


C H 
FIG. 05. 



flickering field will be obtained as before. 
Discs designed on an exactly similar principle, 
and giving 4 or 8 alternations instead of 2 
for each rotation, have been designed by 
Kruss.*® 

§ (99) The Wild Photometer. — The 
flicker photometer designed by Wild ® consists 
of a Bunsen disc in which a semicircle or two 
quadrants are waxed, the remainder of the 
^so being plain. It is moimted so as to be 
perpendicular to the direction of the beams 
of light to be compared, and both sides of 
the disc are viewed simultaneously by means 
of mirrors. Rotation of the disc by clockwork, 
or by a small electric motor, produces the field 
alternation. The criterion in this photometer 
is not absence of fiicker, but equality of flicker 
on both sides of the field. It therefore possesses 
the advantage that the appearance of the 

' P/ij/s. Soc. Proe., 1903, xlx. 39. 

* Zeits. Instrumentenk., 1905, xxv. 98. 

“ Ilium. Eng., London, 1908, i. 825. 


field, when out of balance, indicates the 
direction in which the head has to be moved. 
This instrument has been stated to have a 
sensitiveness of 0-5 per cent with lights of the 
same colour and 0-9 per cent when comparing 
red and green fights. 

§ (100) Eeeect of Speed on Sensitivity 
OF Flicker. — The speed of a flicker photo- 
meter has a very noticeable influence on its 
sensitivity. Dow ^ has investigated this 
problem and finds that for fights of different 
colours the speed giving maximum sensitivity 
is much higher than it is for lights of the same 
colour. The range of speed over which 
maximum sensitivity is obtained is also more 
restricted in the case of different coloured 
lights. The most favourable speed varies 
both with the illumination and with the 
difference of colour of the two fields, the 
results obtained when comparing green and 
white fights being shown graphically in Fig. 
67. The abscissae are frequencies of field 
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alternation {i.e. the number of changes per 
minute), while the ordinates show the per- 
centage change of illumination which can 
be made without flicker, i.e. the difference 
between the illumination ratios at the two 
positions at which flicker just begins to 
appear. The accuracy of setting can be 
made much closer than this, since the mean 
of the two positions at which flicker is just 
perceptible may be taken as the position of 
balance. For illuminations greater than 20 
metre-candles the range of sensitivity is 
approximately the same as for that illumina- 
tion, while it can also be assumed that a 
colour difference leas than that of the experi- 
ments will give a greater range of speed for 
maximum sensitivity, and that the actual 
speeds will be lower, tending to limits of 500 
‘ Electrician, 1907, llx. 256. 
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to 100 for lights of the same colour when the 
illumination is 2 metre-candles. 

§ (101) The Colotjr-eilter Method. — A 
second method by which it has been isroposed 
that lights of different colours should be 
compared is that involving the use of some 
coloured medium which will either (a) bring 
the hue of one light to approximate equality 
with that of the other, or (b) enable a com- 
parison to be made of the relative intensities 
of both lights at some particular part of the 
spectrum. To the former class belong the 
“photometric” gelatine filters devised by C. K. 
Mees.^ In § (6) “ Visibility ” of the article 
“ The Eye ” has been stated that a 

curve may be constructed showing the relative 
brightnesses which the average eye will assign 
to equal quantities of energy at different parts 
of the visible spectrum. This curve, called 
the visibility curve, is shown in Fig. 2 of that 
article, and if its ordinates be multiplied by 



]?ia. 68. 


the relative energy emissions in the different 
wave-lengths, of a given source of light, a 
curve will be obtained showing the relative 
contributions of the different parts of the 
spectrum given by this source to its total 
luminosity. Such a curve for a black body at 
a temperature of 2000° K is shown in Fig, 68, 
curve A. 

Now by means of a spectrophotometer 
(see article on “ Spectrophotometry ”) the 
transmission ratio of a coloured transparent 
medium may be measured for light of any 
wave-length. If, then, the ordinates of curve 
A in Fig. 68 bo multiplied by the corresponding 
transmission ratios of a colour filter, a curve 
will be obtained showing the luminosity 
reaching the eye through the filter. Such a 
curve is shown in Fig. 68, curve B. The 
ratio of the areas of the two curves A and B 
gives the over- all transmission ratio of the 

^ Amer. Ilium. Eng, Soc. Trans., 1014, ix. 990. 


filter for light of the spectral distribution 
assumed, and hence this value of transmission 
ratio can be assumed for all sources the spectral 
distribution of the light from which approxi- 
mates to that of the curve used for the 
calculations. 

§ (102) Comparison oe dib'eerent 
Coloured Lights. — In this way a tungsten- 
filament lamp, or even daylight, may be 
compared with a flame standard by using a 
blue colour filter, which, when placed between 
the standard and the photometer, -will produce 
a colour match in the photometer head. A 
knowledge of the energy distribution curve of 
the standard and the visibility curve of the 
average eye gives at once the luminosity curve 
of the standard. This and the transmission 
ratio curve of the filter give the over-all 
transmission ratio of the filter for the light 
from the standard, and hence the candle-power 
of the combination of standard and filter. 
Instead of a blue filter in front of the standard 
it is often desirable to use a yellow filter in 
front of the light of higher efficiency. In this 
way an undue reduction of candle-power on 
one side of the photometer may be avoided. 

The above process of finding the transmission 
ratio of a colour filter is very laborious, and a 
loss fundamental but much simpler method is 
that employed at the Bureau of Standards 
and at the Physikalisch-Teohnische Reichs- 
anstalt. In this method it is assumed that 
the mean value of candle-power obtained by 
a large number of observers with a direct 
comi^arison 23hotometer, such as the Lummer- 
Brodhun, approximates very closely to the 
true value even when the colour difference 
involved in the com2)arison is considerable. 
The transmission ratio of a colour filter is 
determined by comparing the candle-power 
of a given lamp (of Hefner flame colour) with 
a standard («) without the filter and (6) with 
the filter placed between the lamp and the 
photometer head. The ratio of the candle- 
power in case (6) to that in case (a) is then 
assumed to be the transmission ratio of the 
filter for light of that colour, and the combina- 
tion is used for the determination of candle- 
power of test lamps as usual. 

The advantage of this method over a direct 
comparison involving colour difference in every 
case is that the determination of transmission 
ratio can be made by a largo number of 
observers, and when this has been done, the 
photometry of test lamps involves no further 
colour difference, so that a much smaller 
number of observers is sufficient. 

§ (103) The Crova Wave-length Method. 
— The second alternative, of using a colour 
filter having only a narrow band of trans- 
mission in the yellow part of the spectrum, 
was suggested by Crova in 1881.* He found 
* Comptes RenduH, 1881, xoiii. 612. 
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that if the visibility curves of various sources 
having approximately the same spectral dis- 
tribution as a black body at various tempera- 
tures were plotted Avith equal total areas, 
these curves all intersected, i.e. had equal 
ordinates, at the wave-length 0-682 ytt. It 
therefore followed that a comparison of such 
lights at this wave - length gave a correct 
comparison of their total candle powers. This 
wave-length, termed the Crova wave-length, 
has been redetermined and probably lies more 
nearly in the region 0-557 /j. to 0-562 /m. One 
great advantage of this 
method lies in the fact 
that any filter which 
has only a narrow band 
of transmission must 
necessarily reduce the 
intensity of the light 
very greatly. Crova 
suggested the use of a 
combination of solu- 
tions of perchloride of 
iron and chloride of 
nickel in a glass vessel 
7 mm. thick. This 
combination transmits 
between the wave- 
lengths 0-630 yU. and 
0-534 yU with a maxi- 
mum at 0-582 fjL. 

§ (104) Tub Casoade 
Method. — The third 
method of colour photo- 
metry does not attempt 
to eliminate the colour 
difference, but simply 
divides it into a number 
of small steps. This is 
the method employed 
for the measurement 
of the electric sub- 
standards used at the 
National Physical 
Laboratory. Between 
the flame standard, in this case the Vernon- 
Harcourt pentane lamp, and the highest 
efficiency sub-standards used, viz. those operat- 
ing at 0-67 candles per watt, four sets of 
tungsten or carbon filament sub-standards are 
interposed, as shown diagrammatioally in Fig. 
69. The lowest efficiency set consists of 
tungsten - filament lamps operating at 0-11 
mean horizontal candles per watt and the 
light from these matches that from a pentane 
lamp ; the other lamps are respectively (1) 
single carbon loop-filament lamps operating 
at 0-20 m.h.c. per watt ; (2) double horse- 
shoe carbon filament lamps operating at 0-20 
m.h.c. per watt ; (3) metallised carbon fila- 
ment lamps operating at 0-33 m.h.c. per watt ; 
(4) tungsten grid filament lamps operating at 
0-62 m.h.c. per watt, and (5) tungsten grid 


filament lamps operating at 0-67 m.h.c. per 
watt. 

These efficiencies are such that the colour 
difference between any two neighbouring sets 
is approximately the same throughout the 
series, and each set of lamps is compared with 
the set below it by not less than six observers, 
each taldng at least 30 observations on each 
lamp. The observers work in pairs, every one 
of the possible combinations of observers being 
employed. Thus the values obtained by each 
observer on each lamp are taken on five 
different days. By this 
method the effect of 
Comparison difference on the 

Lamps comparison is mini- 
mised, and a direct 
comparison of set 6 
Avith set 1, made in an 
exactly similar way to 
that described above, 
shows that, in fact, the 
sum of the probable 
errors of the different 
steps in the comparison 
by what is called the 
“ cascade ” method is 
slightly less than the 
probable error of the 
direct comparison. 

There is, however, 
another much greater 
practical advantage in 
the cascade method. 
Ordinary photometric 
comparison is made by 
not more than two 
observers, so that in the 
case of a considerable 
colour difference the 
chance of any two 
observers obtaining a 
result in agreement with 
that obtained by a much 
larger number has to be 
considered. The intercomparison of the sub- 
standards, on the other hand, is carried out 
by at least six observers, and then for any 
subsequent photometry a sub-standard is avail- 
able of a colour quite close to that of the 
test lamp. The small remaining colour differ- 
ence is then all that remains to be considered 
when assigning the accuracy of comparison 
by two observers. 

§ (106) The Comparison Lamp in Casoade. 
— It is often the practice, when working with 
small colour difierence.s, to use a comparison 
lamp giving light of a hue midway between 
that of the test lamp and that of the nearest 
available sub-standard. In this way the colour 
difference is halved, but as the same difference 
appears on opposite sides of the photometer- 
in standardisation and in the test - lamp 
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measurement, it is doubtful whether any in- 
crease in accuracy results from this procedure. 
When working with sources far bluer than the 
highest efficiency sub-standard a “ half-way ” 
colour filter may be used on the comparison 
lamp aide, or the method adopted by the 
Bureau of Standards (§ (102)) must be used. 

§ (106) Other Methods op Heteroohbom- 
ATio Photometry. — Other methods, not de- 
pending on any of the three principles above 
described, have been proposed and may be 
briefly noticed. Mao6 de Lepinay suggested 
placing in front of eyepiece of the photometer 
first a green and then a red solution. The 
ratio of the intensities found in these two 
cases gave, by means of a table, the intensity 
for the whole spectrum, Wybauw used a 
“ compensation ” photometer in which the 
light from the (more powerful) source to be 
measured illuminated one side of the photo- 
meter, while the other side received light from 
the standard and, in addition, a fraction of 
the light from the source to be measured. 
Thus the hue difference was reduced, but the 
sensitiveness of the measurement was also 
diminished. 

§ (107) The Visital Acuity Method. — An- 
other method, which has been proposed by 
Weber and others, depends on the amount of 
light necessary for the visual perception of 
detail. Patterns consisting of concentric black 
circles of different thicknesses, or a series of 
fine dots of progressively diminishing size, are 
illuminated in turn by means of the lights 
to be compared, and it is assumed that 
equal ease of discrimination corresponds with 
equality of illumination for the different lights. 
The theoretical soundness of this form of 
colour photometer has been frequently called 
in question, and it appears more than doubt- 
ful whether visual acuity can be used in this 
way as a judge of equality of brightness 
without reference to the colour of the light 
used. 

§ (108) The Contrast Pattern Method. — 
A colour photometer devised by Von Czudno- 
ohowski ^ depends upon the production of two 
sets of shadows formed by mutually perpen- 
dicular wire gratings, each set being illuminated 
by one of the sources to be compared. The 
field produced consists of two shadow patterns 
which appear grey on a white background, 
with dead black intersections. If one of the 
sources is moved sensibly out of balance one 
of the patterns becomes coloured. 

§ (109) Eeeeot oe various Paotoes on 
Flicker Sensitivity. — The various phenom- 
ena underlying the comparison of lights of 
different colours have been the subject of 
investigation by many workers. Notably J. S. 
Dow ® has shown that, while a single observer 

^ Ilium. Eng., London, 1908, i. 283. 

« Phil. Mag., 1906, .\ll. 120. 


may obtain very consistent results on a single 
occasion when using an equality of brightness 
photometer to compare fights of different 
colours, yet the same observer, after a few 
hours’ rest, may obtain another series of read- 
ings, equally consistent among themselves, 
but differing from the first set by 5 or even 
10 per cent. Dow also finds that the readings 
are affected by the size of the image produced 
on the retina by the photometric field. It 
results from this that the size of the surfaces 
used for the purpose of comparison, as well as 
the distance of the eye from these surfaces, 
are of importance in heterochromatic photo- 
metry. He found in a particular case of 
comparison between red and green fights that 
there was a 25 per cent difference in setting 
according as the telescope of a Lummer- 
Brodhun photometer head was in its extreme 
“ in ” or “ out ” position. He also investi- 
gated the effect of the Purkinje phenomenon 
in colour photometry, and found that this had 
no appreciable effect on illuminations above 
1 metre-candle, so that it may be neglected in 
ordinary photometry. The expeiiments, how- 
ever, seemed to show that the effect was less 
with the flicker than with the equality of 
brightness photometer.® 

§ (110) Comparison oe Flicker and 
Equality oe Brightness Methods. — Ives 
carefully investigated the relative merits of 
the different methods of colour photometry,^ 
and came to the conclusion that the flicker 
method was more sensitive than the equality 
of brightness method, and that the results 
obtained by its means wore more reproducible 
in the case of lights differing considerably in 
hue. This opinion was confirmed by Critten- 
den and Riciitmyer,® but they found that for 
sources having a relatively high intensity at 
the blue end of the spectrum, the values given 
by the flicker photometer departed appreciably 
from those given by the contrast t3rpe, the 
difference being estimated at as much as 3 per 
cent for such sources as the gas-filled lamp. 
They also came to the conclusion that for 
individual observers, or for small groups, the 
flicker photometer gave a result which was closer 
to the mean than that found with the contrast 
instrument. Reference ® should also be made 
to the work of Middlekauff and Skogland. 

A critical discussion of the relative merits 
of the two methods has been given by Hyde,’' 
who, in his determination of the visibility 
curve of the human eye, preferred the equality 
of contrast method as being the most suitable. 

§ (111) Colour Dieperenoe in Illumina- 
tion Measurements. — ^The above description 
has been practically confined to ordinary 

» Phil. Mag., 1910, xlx. 66. 

* Ibid., 1912, xxiv. 149. 

“ Amer. Ilium,. Eng. Soc. Trans., 1916, xl. 363. 

‘ Bureau of Standards Bull., 1918, xiii. 287. 

’ Astrophys. J., 1918, xlvlii. 66. 
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photometry, but in the measurement of 
illumination the problem of colour difference 
is even more important on account of the 
many different types of illuminants met with, 
often in the same building. Further, the 
brightness of the test surface may sometimes 
fall below the hmit at which the Purldnje 
effect cannot be neglected, so that colour 
difference between the light to be measured 
and the comparison source may cause con- 
siderable errors at these lower values of 
illumination. Above all, the colour differ- 
ences met with in ordinary photometry never 
approach the difference experienced when 
measuring daylight illumination by means of 
a portable photometer in which the comparison 
lamp is an ordinary tungsten-filament vacuum 
glow - lamp. The use of a colour filter is 
almost universal for daylight illumination 
measurements. This may take the form of a 
yellow filter placed between the test surface 
and the photometer, or a blue filter used in 
front of the comparison lamp. The latter 
scheme has the disadvantage that it reduces 
the upper limit of working of the photometer. 
Instead of interposing a yellow filter between 
the test surface and the photometer, a yellow 
test surface is sometimes used. The constant 
of such a surface, or filter, can be found on 
the photometer bench by a number of ob- 
servers, and it may then be used in the 
portable instrument by a single observer. The 
transmission ratio of a yellow filter must, of 
course, be determined for light of daylight 
colour. It should be noticed, in this connec- 
tion, that the colour of daylight is by no 
means constant. The colour of the light from 
a clear blue north sky is much richer in blue 
rays than the light derived directly from the 
sun or from white clouds illuminated by it. 
The difference, however, is not sufficient to 
invalidate the transmission ratio of a yellow 
filter determined for fight of the colour of 
sunlight. 

§ (112) Determination oe Filament Tem- 
perature. — The ease with which the eye can 
distinguish colour difference in an ordinary 
equality of brightness photometer has been 
used by C. 0. Paterson and B. P. Dudding ^ 
for the determination of the true temperature 
of an incandescent body. They found that 
the fight from an ordinary tungsten or carbon 
filament vacuum lamp approximated very 
closely in spectral distribution to that of a 
“ black body,” and that a close and invariable 
relationship existed between its efficiency, ex- 
pressed in candles per watt, and its temperature. 
Thus if one side of a photometer be illuminated 
by such a lamp while the other side receives 
fight from an incandescent body whose radia- 

^ " The Estimation of High Temperatures by the 
Method of Colour Identity," Phys. Soo. Proc., 1915, 
xxvii. 230. 


tion has the same spectral distribution as a 
“ black body,” the efficiency of the lamp may 
be altered, by changing the voltage applied to 
it, until the two sides of the photometer appear 
to be of exactly the same colour. An exact 
equality of brightness must be maintained by 
moving the photometer between -the sources 
during the process of obtaining this colour 
match, and the temperature of the incandes- 
cent body may then be assumed to be very 
closely the same as that of the lamp filament. 
The lamp filament may be calibrated by an 
exactly similar method against a standard 
“ black body,” but the authors above quoted 
{loc. ctf.)have found that for all drawn tungsten- 
filament lamps of ordinary vacuum type and 
disposition of filament, the relation between 
temperature and efficiency follows the rela- 
tionship 

log^ = C-mlogioT-185logio + 

where L/W expresses the efficiency of the lamp 
in lumens per watt, T is the absolute tempera- 
ture, and C and m are constants having the 
values 21 '51, 4-58 and 23-31, 5-1 respectively 
for carbon and tungsten filaments. They have 
also found that the watts consumed by a lamp 
vary with the absolute temperature according 
to the relation logj^„W = Ci -I-4-58 logm T and 
logio W = C 2 -I- 5-1 login T carbon and tung- 
sten filaments respectively. 

VIII. The Photometry oe Projectors 

The photometry of light-projection apparatus 
falls into a class by itself on account of the 
many difficulties involved and the special 
means which have to be employed in order to 
overcome them. At the same time it is of 
the utmost importance to obtain information 
as to the relative performance of different 
types or patterns of apparatus such, for in- 
stance, as searchlights, motor-car headlights, 
signal lights for marine or land service, and 
similar special optical devices. 

§ (113) DlEEIOtTLTIES DtTH TO BeAM CoN- 
OENTRATiON. — The chief difficulties met with 
in these tests arise from the fact that the 
fight does not diverge from a source of which 
the dimensions may be neglected in com- 
parison with the distance from it at wiiich the 
measurements are made. In all the cases 
mentioned above, the fight from the source is 
redistributed by optical devices, and it is 
therefore necessary to ensure that the measure- 
ments are made at such a distance from the 
apparatus that the inverse square law may be 
assumed to hold within the accuracy desired. 
It is not necessary, of course, that distances 
should be measured from the source itself, and 
often it is assumed that the optical centre of 
the device lies at the meeting point of the 
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extreme rays of the projected beam. This 
assumption, however, is generally no more 
than a convenient approximation to the truth, 
for it cannot always be assumed that the light 
is emitted in all directions from a single point. 
Often the light emitted in two different 
directions may behave as if it emanated from 
points which are separated by a distance far 
from negligible in comparison with the distance 
at which measurements have to be made. 

§ (114) Minimum Distance for Photo- 
metric Measurements. — It may be generally 
assumed that the inverse sq^uare law holds for 
distances greater than fifty to four hundred 
times the diameter of the optical aperture 
with beams of 20° to 2° total divergence. As 
a very approximate guide it may be assumed 
that the inner limit of distance at which the 
beam has attained its final distribution is 
given by Kd/^, where Q is the total angle, 
measured in degrees, of the cone of light formed 
by the beam, d is the diameter of the aperture, 
and K is a constant lying between 600 and 
1000. 

This rule leads to the result that for such 
apparatus as motor-car headlights, where the 
diameter of the mirror is of the order of 
10 inches and the divergence may be as little 
as 5°, photometric measurements should always 
be made at least 100 feet away from the 
headlight. On the other hand, for a lens such 
as that used in a ship’s navigation light, where 
the divergence may be as much as 20° with 
a lens height of 7 inches, a distance of about 
20 feet is sufficient. In both these cases the 
chief difficulty is that of obtaining sufficient 
light to enable measurements to be made at 
these comparatively great distances, and very 
often a compromise has to be effected by 
maldng measurements at two shorter dis- 
tances, and obtaining an approximation to the 
desired result by an extrapolation, 

§(116) “Effective” Candle - fo wee. — 
The information usually desired is that given 
by a curve of distribution of illumination on 
a screen placed so as to be perpendicular to 
the axis of the beam at a convenient distance 
from the source. This distribution may often 
be conveniently found by actual measure- 
ment of brightness at different portions of a 
white screen placed in the path of the light, 
using a form of portable illumination photo- 
meter (see p. 441). It is often more convenient, 
however, to keep the photometric appai-atus 
fixed in position and to move the source either 
in altitude or azimuth. Measurements of 
illumination can then be made by means of 
a photometer head fixed in a given position, 
with a comparison lamp movable along a 
bench directed away from the source. Alter- 
natively, the test surface of a portable photo- 
meter (see p. 441) may be fixed in a convenient 
position, and measurements of illumination at 


this position may then be made for any desired 
orientation of the projector. The results may 
be expressed either directly in terms of illumi- 
nation, or, by calculation, in terms of the 
candle-power which would be required of a 
point source placed in the position of the 
projector in order that it might produce at 
the screen the illumination actually measured 
there. The latter figure is generally termed 
the “ effective candle-power ” of the source in 
the direction considered. 

§ (116) Distribution Curve for Beams. — 
Whichever method of expressing the results is 
employed, the distance from the source at 
which the measurements have been made 
should always be stated. The results may be 
exhibited graphically by means of a curve in 
which the abscissae rejiresent either illumina- 
tion at a given distance or effective candle- 
power, while the ordinates are the correspond- 
ing angles of deviation from the axis of the 
apparatus. Such a curve, for a motor head- 
light beam of small divergence, is shown in 
the upper diagram of Fig. 70. The lower 



Fig. 70. 


diagram is a polar curve for the same beam, 
and illustrates strildngly the failure of a polar 
diagram to give an intelligible representation 
of light distribution from any form of projection 
apparatus. 

For photometry of small projection ap- 
paratus, such as motor headlights, ships’ 
light lenses and hand signalling lamps, the 
distances required by the formula given above 
do not generally exceed 100 feet, and conse- 
quently measurements can be carried on in 
the laboratory, where aU that is required in 
addition to ordinary photometric equipment 
is a tilting table for movement in altitude, and 
a horizontal turn-table for variation of angle 
of azimuth. If the beam is roughly sym- 
metrical about its centre, sufficient information 
is generally given by a curve, such as that 
shown in Fig. 70, representing the mean of 
measurements made across the horizontal and 
vertical diameters of the beam. If the beam 
is not symmetrical in shape, similar curves 
are obtained along other specified, lines of 





PHOTOMETRY AND ILLUMINATION 


461 


traverse. Occasionally the patch of screen 
illuminated by the beam is divided into 
squares, and the illumination on each of these 
squares is measured and noted on a figure 
representing the appearance of the patch. 

§ (117) Atmospheric Absorption. — In the 
photometry of searchhght projectors matters 
are very different. The divergence of the beam 
may be as little as 2 to 3°, wliile the diameter 
of the mirror is from 2 to 4 feet. Consequently, 
distances of at least 500 to 1000 feet are 
necessary for accurate beam tests, and in 
practice it is customary to employ distances 
of one-half to two miles. At such distances 
as these, attainable only in the open, atmo- 
spheric absorption cannot be neglected. Even 
a shght ground mist may cause errors of as 
much as fifty per cent, which are by no means 
constant from hour to hour, or even from 
minute to minute. 

The effect of atmospheric absorption may 
be allowed for in one of three ways. Mrst, 
a “ standard ” searchlight beam of Icnown 
constant characteristics may be used. This 
beam directed towards the distant measuring 
station at intervals throughout a test will 
give, by measurement 
of its candle-power, the 
correction to be applied 
on any given night to 
the observations made 
on the other search- 
light beams tested dur- 
ing that night. Such a 
beam may be that given 
by a large size tungsten 
arc, or a steady carbon 
arc burning under 
standard conditions. In 
either case the source of 
light must be used in 
conjunction with a given 
parabolic reflector as no 
two reflectors can be 
relied upon to give exactly the same distribu- 
tion of light in the beam. 

§ (118) The Tblbphotombtbb. — ^A second 
method depends on the use of a telephoto- 
meter, in which a simple double convex lens 
forms an image of a large screen (situated at 
the observing station) on the centre of a 
Lummer - Brodhun cube. This cube forms 
part of a photometer of ordinary construction 
at the station where the searchlight is placed. 
Simultaneous readings of the brightness of the 
screen as measured by the telephotometer and 
by an ordinary portable photometer at the 
observing station give at once the atmospheric 
absorption when the calibration of the tele- 
photometer is Imown. 

§ (119) Thb Two-station Method. — The 
third method is more direct than either of the 
foregoing. In this, two observing stations are 


used at known distances and from the 
searchlight. The light is directed first to one 
station and then to the other, and measure- 
ments of the illuminations are made. If these 
be Ii and I 2 , and t the transmission coefficient 
of the atmosphere per unit length (assumed to 
be the same throughout the region over which 
the measurements are made), while 0 is the 
effective candle-power of the searchlight, then 

so that ~ ^ 2 ). 

If for convenience d^=2d^_, then C = 12^ ^2^/41^. 

§ (120) The Integrating Hemisphere. — 
Atmospheric absorption is only one out of 
many difficulties attending the measurement 
of candle-power distribution in the beam of 
a searchlight,’- and for manyj)urposes sufficient 
information is obtained by a measurement of 
the total luminous radiation in the beam. Eor 
this purpose some form of integrating photo- 
meter must be employed. Either the arc may 
be placed out of focus, so as to cause the beam 
to converge on to a white reflecting surface 
placed inside an integrator of the sphere or 
cube type, or the beam may be directed on 
to a hemispherical integrator as illustrated 
on the left-hand side of Fig. 71. This 



integrator consists of a hemispherical matt 
white surface, furnished at its centre with an 
aperture and photometer, and having in front 
of the aperture a convex mirror with foliated 
black screens as shovm enlarged on the right 
of the figure. These screens are so designed 
as to produce on the photometer -window an 
illumination proportional to the total flux 
received by the hemisphere. A full description 
of the method has been given by Benford.® 

§ (121) The Fooombter. — Another difficulty 
in the beam testing of searchlights is the 
necessity for ensuring that the arc crater is 
kept constantly in the same position -with 
respect to the mirror. This can be done either 
with a special focometer fitted to the side of 

^ Paterson, Walsh, Taylor and Barnett, Inst. 
Elect. Eng. J own., 1920, Ivlli. 83. F. A. Benford, Qen. 
El. Rev., 1919, xxU. 608. 

• Am. Ilium. Eng. Soc. Trans., 1920, xv. 19. 
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the projector case, or by observation of the 
divergence of the resulting beam. The 
measurement of the surface brightness of the 
positive crater of a carbon arc is of very 
great importance, since, for a given angle 
of divergence, this quantity determines the 
brightness of the illumination produced by 
the beam at a given position. A method by 
which tliis quantity may be measured has 
been indicated in Part II. on “Photometric 
Standards ” (§ 11). All searchlight photometry 
is affected by difficulties of colour difference, 
and the use of coloured glasses is general on 
this account (see § (102)). 

IX. The Photometry of PEtroTtrATiHa 
SoTJEOES OF High Cakdlb-powee 

§ (122) Photometbe for Instantaneous 
Reading. — It is sometimes desirable to obtain 
an approximate estimate of the candle-power 
of intermittent or rapidly fluctuating sources 
such as flares, parachute lights, landing Hghts, 
etc. The photometry of such sources presents 
the special difficulty that photometric balance 
cannot be obtained except for a brief instant 
of time. Consequently any photometer in- 
volving the use of moving parts for adjust- 
ment to equality of two comparison surfaces 
is out of the question. The problem has been 
dealt with by a committee of the Illuminating 
Engineering Society,^ who used a photometer 
of the form shown in Fig. 72. This consists 



Fig. 72. 


of a tube 25 in. long and 3 in. in diameter. The 
interior is whitened and illuminated by a 
small electric glow - lamp placed at one end 
as shown in broken line. A slot extending 
for nearly the whole length of the tube is 
covered by a strip of thin metal painted white 

^ A. P. Trotter, Ilium. Eng., London, 1918, xl. 253. 


and having in it perforations in the form of 
letters, of the alphabet. Since the illumination 
inside the tube decreases gradually from top 
to bottom, the top letters ajjpear brighter 
and the bottom letters darker than the surface 
surrounding them. An intermediate letter 
can be found at which the illumination of 
the interior of the tube is the same as that 
of the outside of the strip. This particular 
letter becomes practically invisible with a 
steady hght, but with a flickering light the 
point of balance is continually moving up 
and doAvn. Letters of the alphabet were 
chosen becau.se they were monosyllabic and 
therefore quioltly transmitted from the 
observer who had to watch the photometer 
continuously, and the assistant who wrote 
down the observations at close and regular 
intervals. 

§ (123) Candle-power of Flares. — The 
flares on which tests were made by the 
committee burned for various intervals of 
the order of half a 
minute, and a typical 
curve showing the 
variation of candle- ^ 

power during this | 

time is given in Fig. 

73. Candle - powers ^ 
as high as 130,000 J 
were dealt with. The 
' results can be most 
conveniently ex- 
pressed, for oompara- Fig. 78. 

tive purposes, in 

candle-power seconds per gram of composition, 
a particular example of flare being found to 
have the value 4000 for this quantity. 

X. Measurements of Low Intrinsic 
Brightness 

A third class of photometric measurement 
demanding special treatment is that in which 
the brightness of the luminous surface to be 
measured is very low (below 1 metre-candle). 
This problem arises, principally, in connection 
with the study and use of self-luminous com- 
pounds, either those depending on photo- 
luminescence or those in which the exciting 
agent is some radioactive material, generally 
radium and its disintegration products. 

§ (124) The Colour Problem and Purkinjb 
Effect. — It is impossible by any optical means 
to increase the brightness of a surface, so that 
as these luminous compounds, either in bulk 
or as applied to surfaces in the form of figures 
or other markings, have luminosities varying 
from 0-5 to O-OOl metre-candles or even less, 
the problem of accurate brightness measure- 
ment becomes a very difficult one. The 
difficulty is increased by the fact that the 
light given by these compounds is often 
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restricted to one part of the spectrum. Thus, 
for example, the light given by a conjpound 
in which a specially treated zinc sulphide is 
rendered luminescent by the action of radium 
is a very decided green (see article on “ Radio- 
activity,” § (15)), and as the brightness is 
below the limit of the Purkinje effect, it is 
necessary to ensure that the surfaces whose 
brightnesses are being compared are as nearly 
as possible of the same colour. It is also 
especiallj' desirable, in the case of low bright- 
ness photometry, to ensure that the dividing 
line between the surfaces being compared shall 
*be as fine and imperceptible as possible. 

In the case of a luminous compound, the 
problem of photometric measurement requires 
different treatment according as the bright- 
ness of the compound in bulk or that of 
the markings of the finished design are in 
question. 

§ (125) Photometry op Luminotts Com- 
POTTND IN Bulk. — In the first case the measure- 
ment may be readily made by means of the 
apparatus shown in Fig. 74. S is a sheet of 



matt white celluloid, having at its centre an 
oblong aperture, so proportioned that when 
looked at through the telescope T it has the 
appearance of a small square. This aperture 
is cut with a sharp bevel to ensure as little 
separation as possible at the edges. The 
luminescent compound is contained in a glass 
tube G, and wedge-shaped guides are arranged 
inside the box to assist in placing it centrally 
behind the aperture in S, no matter what the 
diameter of the tube. The celluloid sheet S 
is illuminated by a standardised lamp, the 
light from wliich, after passing through a green 
glass or gelatine filter, enters the box at 0. 
The illumination at S is calculated from the 
candle-power and distance of the lamp, the 
transmission ratio of the green filter being 
determined by measurement of the brightness 
of a given sample of compound by a number 
of observers with and without the filter in 
use. 

The only filter remaining is that relating -the 
brightness of S, as seen in the direction of the 
telescope, with its illumination from the 
direction of 0. This may be determined by 
measuring, with a surface-brightness photo- 
meter (see § (64)), the brightness of S as seen 


in the direction of T, and the brightness of a 
similar piece of ivhite celluloid placed in the 
position of S but normal to the incident light. 
The factor obtained in this way embodies 
both the reflection ratio of the card under 
the particular conditions of use, as well as 
the reduction of illumination according to the 
cosine law. This form of apparatus is that 
used at the National Physical Laboratory,^ 
but somewhat similar forms of apparatus, 
designed for the same purpose, have been 
described by Blok ^ and Clinton. ^ A method 
in which a circular disc of the material 
under test placed side by side with a disc 
of variable brightness has been described by 
Andrews,^ while Dorsey ® places the tube of 
compound in front of a surface of variable 
brightness. 

§ (126) Adaptation of the Eye. — ^In all 
measurements of low intrinsic brightness the 
observer’s eye must be “ dark-adapted ” by 
a lengthened stay (of at least a quarter of an 
hour, or more if the general illumination to 
v^hich the eye has been previously exposed 
be very great) in the photometer - room. 
Further, as many radioactive luminescent 
substances are also photo-lunvinescent, the 
compound to be" measured should be kept 
away from daylight or strong artificial light 
for at least half an hour before measurements 
are made. Luminous compound is generally 
measured while enclosed in a glass containing 
vessel. If now, the absorption of the interven- 
ing glass wall may be assumed as 9 to 10 per 
cent, but the action of the rays from the 
radioactive material is such as to cause a 
darkening of the glass with lapse of time so 
that the absorption may increase by as much 
as 1 per cent per month oven when the 
glass is thin. 

§ (127) Photometry of Luminous-painted 
Dials. — The measurement of the brightness 
of the marldnga on a dial painted with lumin- 
ous compound is again a special problem 
in photometry. No constant relation exists 
between the brightness of the original com- 
pound and the luminosity of the markings, 
and two dials painted with the same compound 
may have very different luminosities. 

The apparatus used at the National Physical 
Laboratory ® for the purpose of luminosity 
measurements of dial marldngs is shown in 
Fig. 76. L is an electric lamp, the light from 
which, variable at R, passes through a green 
filter P and illuminates two screens S, S, 
each consisting of two thicknesses of thin 
white paper with a space between them. This 

^ Paterson, Walsh, and Higgins, Phys. Soc. Proc., 
1917, xxix. 210. 

* iUum. Eng., London, 1917, x. 76. 

“ Ibid., 1918, xi. 260. 

* Oen. Elect. Rev., 1916, xix. 892. 

* Wash. Acad. Sci. Journ.. 1917, vii. 1. 

“ Paterson, Walsh, and Higgins, loc. cit. 
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arrangement ensures perfect diffusion of the 
light and an even brightness over the whole 
surface of the second sheet. In front of the 



screens are placed two stencils T, T, each 
consisting of a sheet of thin brass with figures 
or marldngs cut out on an engraving machine 
so as to he identical with the luminous markings 
of the dials under examination. Two compari- 
son dials are used, one on each side of the 
test dial, so as to overcome errors due to 
inequalities iir sensitivity to green light on 
different jrarts of the retina. The instrument 
is calibrated by measuring, for different values 
of the current passing through the lamp, the 
brightness of the surfaces immediately behind 
T, T, using for this purpose a surface-brightness 
photometer. The surface brightness of the 
luminous markings of dials such as those used 
for aircraft instruments is between 0-2 and 
0-05 metre-candles when the compound has 
been freshly mixed. The luminosity falls off 
with lapse of time, however, and dials which 
have been painted for six months or a year 
may have deteriorated in brightdess so much 
as to be practically useless ^ for their intended 
purpose. , 


Photometry applied to the estimation of 
refraction and eyesight, generally by the 
use of perception scales. See “ Ophthalmic 
Optical Apparatus,” § (6). 

Photophone, Rankins’ s, for transmission of 
speech by light. See “ Sound,” § (61). 

Physical Photometers : instruments in 
which pliysical phenomena are used to 
measure light, instead of employing visual 
effect. See “ Photometry and Ulumina- 
tion,” § (32) et sqq. 

PIANOFORTE, THE 

The piano belongs to the percussion class of 
musical instruments in which the sound is 
produced by giving a sudden impulse to the 
vibrating system and then leaving it to itself 
— as contrasted with wind instruments, for 

^ See “Luminous' Compounds,’* § (6J iv. 


instance, in which the vibration is maintained 
as long as desired by the continuous supply 
of energy. The sustaining power of percussion 
instruments is determined by the amount of 
energy that can be supplied initially and the 
way in which this energy is dissipated. 

The piano is a development from the harp 
in which the strings were plucked by hand, 
the next stage being the spinet and harpsi- 
chord, hi which the vires were plucked by 
quills. But this method of setting the wires 
in motion gave none of the light and shade 
so necessary for the artistic rendering of a 
musical composition. Hence the complica- 
tions of the later hariisichord, in some of which 
by means of stops, as on an organ, the number 
of wires that were plucked when a key was 
depressed could be varied ; also to some there 
was added a Venetian shutter, which could be 
opened or closed by a pedal in the same way 
as the swell box of the organ. All this was 
done away with and control of the sound was 
restored to the performer by the substitution 
of a hammer for the quill, which was first 
effected by Christofori, an Italian, about 
1709. Prom this original and very primitive 
instrument the pianoforte has developed by 
very many stops, generally small, the most 
important of which have been the mventions 
of the actions now used in the upright 
and grand pianos and the introduction of 
the iron frame. We shall return to these 
later. 

§ (1) The Wires. — The original vibrators 
in the piano are the wires, or strings as they are 
called. There are three to each note from the 
treble do-wn to about the 32nd note from the 
bass end (say to E in the bass clef). In long 
grands they continue another octavo. Hence 
the term trichord. Each of these is a simple 
wire of high tensile steel, left hard from the last 
one or two drawings so as to give it as high 
an elasticity as possible. The breaking strain 
of a good pianoforte wire exceeds 140 tons 
per sq. in. The nineteen notes from Di^jl down 
to about A in the bass have two covered wires 
to each note of steel about 1 mm. diameter 
wrapped with soft copper wire of -6 mm. 
diameter. The last twelve notes have only 
one wire to each note ; these are also of steel 
ranging from about 1-1 mm. to about 1-6 mm. 
diameter, but wrapped with copper of in- 
creasing size from 1-016 mm. diameter to 2 
mm. diameter. The lowest notes of all pianos, 
except of some of the long grands, have two 
layers of the copper wire, and the total diameter 
of the wire may be as great as 7 mm. 

When a wire is stretched between two fixed 
supports and set in vibration it will, as is 
shown in the text-hooks on sound, execute p 
vibrations a second, where I 

being the length of the vibrating segment in 
cm., T the stretching force in dynes, and 
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m the mass in grams of the wire per cm. 
length. The wire may, however, vibrate not 
only as a whole — in which case I AviU be the 
whole length L of the wire between the two 
supports — but can also vibrate in 2, 3, 4, or 
more segments, and then Z Avill become 
L/2, L/3, L/4. Thus (neglecting rigidity) the 
same mre may be caused to give any one of 
a series of notes of which the frequencies 
are p, 2p, 3p, 4y), p being the frequency of 
the wire when it vibrates as a whole. In 
all ordinary cases when a wire is plucked or 
struck with a hammer it does actually move 
in such a way as to be equivalent to the 
superposed effect of all these frequencies. 
Its equation at any time t is thus given by 

2 / = S A„ sin (2irntj^) sin {ttiixIL), C being the 
1 . 

periodic time of the fundamental ; the quality 
of the sound it will produce depends upon the 
relative amplitudes of the component terms in 
this series. 

The maximum energy that can be given to 
a wire is dependent on the mass of the wire 
set into vibration ; it can therefore be increased 
by using larger and longer wires. The three 
wires of each note are tuned to unison and 
struck simultaneously by the hammer ; this 
is obviously a device for multiplying the 
energy which can be given to the wires and 
by them dispersed via the soundboard as a 
musical sound. The introduction of the iron 
frame, by making it possible to increase the 
tension on the wires, and therefore to use 
longer and heavier ones, is one of the chief 
factors which distinguishes the modern piano 
from that of say fifty years ago. But the 
increase in stren^h of the frame wmuld have 
been useless unless the tensile strength of the 
wire had been increased to correspond, and if 
this strength can be still further increased 
it may be possible to get a still greater 
sustaining power. 

The series above given only represents the 
motion of the wire to a first approximation, 
for the rigidity of the wires influences the 
pitch of the higher notes and of the upper 
partials of all the notes, causing the frequency 
to be higher than that given by the formula ; 
for the restoring force due to the tension of 
the wire is augmented by that due to its stiff- 
ness, and although the latter has little effect 
on the long vibrating segments of the lower 


partials, it obviously will play an increasingly 
important rblfe as these segments become 
shorter. Thus the higher partials of any 
string in vibration will be sharpened. The 
effect on the pitch is the same as if the 
%vire were perfectly flexible and the stretch- 
ing force increased by ir^r^Y/iP dynes, where 
r is the radius of the wire, I the length of 
the vibrating segment, and Y is Young’s 
modulus of elasticity. This sharpening is 
not in general noticeable, for the amplitudes 
of the partials after the third or fourth is 
very small, and they can only be heard with 
difficulty. But should the cross-section of a 
wire be an ellipse instead of a circle, the rise 
in pitch due to the rigidity will be greater 
for vibrations executed in the plane containing 
the major axis of the ellipse than for those 
executed in the plane at right angles to this. 
Thus, as usually the wire will not be vibrating 
wholly in one of these planes, each partial 
will yield two frequencies differing slightly 
from one another, which will therefore beat 
with one another. This beating is easily 
heard, although the partials which give rise 
to it would otherwise have been too weak 
to be perceived, and, as it makes the wire 
sound out of tune, such a wire is de- 
scribed as “false.” The only remedy is 
the replacement of the %vire by another. It 
can thus be seen that the perfect circularity 
and uniformity of a piano wire is of great 
importance. 

It is evident from the formula that as the 
frequency depends on the three factors — length, 
tension, and mass — any two of the three may be 
taken as independent variables and bo chosen 
arbitrarily, and then the third can bo deter- 
mined to obtain the pitch required. In 
practice the tension is made uniform for all 
the strings of a piano ; for pianos in which 
the tension is the same throughout have been 
found to keep in tune best, no doubt because 
with a uniformly distributed load, temperature 
variations affect the instrument as a whole 
and do not throw the notes out of tune with 
one another. The tension adopted by various 
makers range from 160 to 190 lbs. on each 
string. This is well below the limit of 
elasticity of all but the smallest gauge wires, 
as can be seen from the following table which 
has been extracted from figures given in 
Wolfenden’s Art of Piano Construction. 




Diameter of Wire 
in Mm. 

Brealdm? Strain 
in Lbs. 

Actual Tension 
in Lbs. 

c 

88 

6-40 

-800 

275 

173 

c 

76 

10-20 

-850 

306 

173 

c 

64 

19-25 

•900 

332 

173 

c 

62 

36-40 

•960 

366 

173 

c 

40 

68-80 

1-000 

384 

173 

c 

28 

131 

1-060 

410 

173 
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The tension of the intermediate notes varies 
from 173 lbs., for the same gauge Avire is 
always used for . several successive notes, 
and as the lengths are increased in a regular 
manner, the sudden variation in the sizes 
of the wire has to be compensated by corre- 
sponding changes in the tension. 

It might at first sight seem possible to 
keep to one size wire throughout and to use 
the length only as the factor to obtain the 
change in pitch. The wire for any note would 
then be double the length of the wire belonging 
to the octave above. This is nearly done for 
the upper octaves, but it must not be forgotten 
that rigidity plays an important j)art, and if 
this relation Avere adhered to, it would make 
the top notes too short and too stiff, and those 
of the lower octaves would be too limp as well 
as unmanageably long. The length of the wire 
is therefore graduated to the extent of reducing 
the ratio to 17 : 9 for all but the lower octaves. 
In order to allow of the use of wires of lengths 
folloAving this ratio as far doAvn towards the 
base as possible, the practice has arisen of 
“ overstringing,” that is to say, the bass wires 
are carried more or less diagonally across the 
tenor Aviros, the latter Avires sloping some 20° 
to the vertical downAvards to the left, while 
the former slope an equal or greater amount 
to the right. The change from the last wire 
sloping one Avay to the first sloping the other 
is called a “ break,” and as these wires pass 
over different and Avidely separated bridges 
on the soundboard, there is liable to bo a 
serious difference betAveen the sound yielded 
by these two notes, and it requires judgment 
and skill to minimise this. Other changes 
are for this reason usually avoided at this 
point ; for instance, the change from the 
simple steel Avire to the covered wire is often 
made four or live notes above this point. 

Even Avith the extra length that over- 
stringing gives, the loAver octaves cannot 
continue, to increase in length m the same 
ratio, in fact the wires of the last octave are 
practically all one length, the change in 
pitch being jproducod by the additional 
thickness of the copper wire which is AAorapped 
round the central steel core. Sometimes in 
cheap pianos the makers lower the tension 
in this octave to reduce the weight of the 
costly heavy copper wire. In any case, except 
in the long concert grand, the resultant quality 
of the octave is usually poor ; but these notes 
are of comparatively small importance as they 
are much less frequently used prominently, 
and are generally accompanied by the octave 
above, Avhich helps to mask their poor quality. 

Strips of felt are threaded in and out 
between the wires above the top bridge, and 
between tlio bottom bridge and the hitch- 
pin, to prevent these portions of the Avire 
from vibrating ; one or two makers have 


endeavoured to make the lower end of the 
Avire equal in length to the part between the 
bridges, in the hope that this would form an 
additional resonator. It is difficult to see 
how such a Avire can add to the initial energy, 
but it might help to avoid a useless dissipation 
of energy in the felt just referrred to. 

§ (2) The Soundboard. — Although the 
wires are the original vibrators in the piano, 
their vibrations are themselves to all intents 
and purposes inaudible ; for as the Avire swings 
to and fro, the air in front of the moving wire 
slips round to fill the space left behind it by 
its motion, and no compressions and rarefac- 
tions of appreciable amplitude are produced in 
the air. To a slight extent the pressure of the 
Avire on the fixed upper bridge transmits the 
vibration to the iron frame, thence it passes 
to the case of the instrument and the floor of 
the room, and these in turn transmit it to the 
air. But in the main the transmission of the 
vibrations of the wire to the air is by the 
medium of the soundboard, this thus plays 
almost as important a part in the speaking 
quality of a piano as does the body of the 
violin in the tone yielded by that instrument. 
The soundboard of the piano (as of the violin) 
is made of a wood in Avhich the ratio of the 
elasticity to the density is as high as possible. 
Pine fulfils this best, and “ belly-wood,” as it is 
called, is usually Norway spruce, Picea excelaa, 
or sometimes Abies pectinaia. The best trees 
are those growing in high altitudes on a moun- 
tain side where the groAvth is sIoav and regular. 
Before the war the best came from the 
Roumanian forests ; some is noAV being 
obtained from British Columbia. The Avood 
is cut on the quarter {i.e. radially) into strips 
7 to 10 cm. wide and about 1 cm. thick, and 
these are carefully jointed up to form a more 
or less rectangular board with the grain 
running approximately parallel to the long 
bridge, that is from the top right-hand comer 
to the bottom left-hand corner at an angle 
of about 40° to the horizontal. This board 
is stiffened at the back by about ten parallel 
wooden bars, 2 to 3 cm. square, usually 
tapered off at the ends, which are glued across 
the soundboard at right angles to the grain of 
the latter. In gluing them on the makers 
attach great importance to “ bucking ” the 
soundboard — that is to say, making the front 
surface convex. The centre should be about 
1 cm. above the edge. This curvature is 
produced in one or more of three Avays : 

(1) By planing the bars to a curve so that 
Avhen they are glued on they shall tend to 
draAA' the board round to their OAvn curvature. 

(2) By the use of a concave table on which 
the board is laid while the bars are being 
glued on, and into which it is forced by the 
pressure of a largo number of go-bars which are 
sprung in between the bars and the roof, as 
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shown in Fig. 1, where BB is the hollow -top 
table on which the soundboard CO is placed ; 
AA is a firm wooden roof ; DD are the bars 
to be glued on the back of the soundboard ; 
GG, G'G' are the go-bars which are sprung 
in between DD 
and the roof; E 
is a block of 
wood to prevent 
the go-bar from 
denting the bar. 

(3) By heating 
both the bars and 
the soundboard 
for some time 
before gluing. 
This causes the 
bars to expand 
lengthwise, and (by drying it) causes a 
contraction of the soundboard across the 
grain. So when the whole is cold and it 
has reabsorbed a little moisture it tends to 
curve. 

Tins curvature helps the soundboard to 
sustain the pressure which is caused by the 
down-bearing, or the resolved part normal to 
the surface of the soundboard of the tensions 
in the TOre ; for in order to keep the wire 
well down on the bridge during its vibration 
the top of the bridge is left at such a height 
that it raises the wire a little (2 to 5 mm.) 
above its natural position. The pressure of 
the wires forces the bridge down, but it is 
considered fatal if it should be forced down 
so much that the soundboard becomes con- 
cave. The down-bearing is usually measured 
by the angle the two segments of the wire 
make with one another. This may be as 
great as 1^°. 

The edges of the soundboard are fixed very 
firmly by hard wood fillets to the wooden 
framework or back of the piano, which back 
also carries the iron frame and is the foundation 
of the case of the instrument. Any want of 
rigidity round the edges of the soundboard 
will not only lead to a dissipation of energy 
in friction which should have been given out 
as sound, but may also cause noises which are 
difficult to locate and ehmtnate. 

By placing the piano with its soundboard 
horizontal, scattering sand upon it, and then 
striking a string with a hammer, nodal fines 
are often obtained. This shows that to some ex- 
tent stationary waves are formed, and that the 
soundboard does not vibrate as a whole, but 
that some parts of it are in a different phase 
to the rest. This partly explains a fact which 
at first sight seems curious, namely, that it 
has been found advantageous to limit the 
size of the soundboard. Usually the lower 
right-hand comer, and sometimes also the 
top left-hand comer, are either cut away or 
are prevented from vibrating by a heavy 


wooden bar glued on behind called a dumb- 
bar. 

.Tust as the varnish on a fiddle is supposed 
to be of great importance, so some have held 
that the varnishing of the soundboard is also 
of great importance. But it seems doubtful 
if the varnish plays any other part than that 
of preserving it from damp. 

Most makers seem to have had at some time 
the idea that by imitating the violin and using 
a double soundboard, with or without aper- 
tures, it would be possible to improve the 
piano ; but all such attempts have been 
failures. 

In order to give the greatest possible length 
to the bass strings, and at the same time to 
avoid the want of response which would be 
caused by placing the bridge close to the edge 
of the soundboard, the short bridge on which 
the overstrung wires are carried is usually a 
floating bridge. The meaning of this is shown 
in the diagram, where B is the fillet at the 
edge of the soundboard A, W the overstrung 
wire which passes over the bridge C and 



terminates at the hitchpin H. The bridge 
C, instead of being glued directly on the 
soundboard A, is carried on a thin board D, 
which is glued to a block E attached to the 
soundboard at some distance from its edges. 
This device enables the vibrations to be 
communicated to a flexible part of the sound- 
board and greatly improves the quality of the 
tone produced. 

§ (3) The Hammer. — The oldest hammers 
were of wood covered with leather. The old 
hand-covered hammers were of wood covered 
with a number of layers, of which the inner 
ones were hard felt and the outer ones softer 
felt. The modem “ machine - covered ” 
hammer has only one layer of felt over the 
wood. The whole set for a piano is covered 
in one operation. The felt when first made 
is 10 to 15 cm. thick, but it is shiunk by 
the makers until it is about 2 cm. thick 
at the bass end, 3 to 4 mm. thick at the 
other. It is then out to a roof shape as shown at 
BB, Fig. 3. It is glued and bent up round the 
row of hammers AA, being pressed upon them 
by hot metal moulds in a machine. Any 
degree of hardness reepired can be obtained 
by suitably regulating the pressure on tho 
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moulds. When the glue is dry, the hammers 
are cut apart with a sharp knife. In this 
way a very regular gradation of weight, 
thickness, and 
elasticity from 
bass to treble 
can be obtained. 
Moreover, the 
density of the 
felt in any 
hammer is 
greatest in the 
centre of the felt 
next the wood, 
and gets less as 
the outer surface is approached. This is a 
very important matter, for it determines the 
relative intensities of the fundamental and 
the upper partials, or in other words, it 
determines the quaUty of the sound produced. 

To understand the action of the hammer, 
stretch a wire thirty or more feet long with a 
small force — say a pound weight — gently 
pluck it near one end, and put a finger lightly 
upon it. The plucking will produce a pulse 
which will travel to and fro along the wire 
and can easily be felt each time it arrives at 
the finger. If it be struck with a rod a sort 
of momentary dent will be formed which will 
travel away along the wire in both directions 
from the point struck. When it reaches the 
end the dent will be inverted and return as a 
hump. In so doing it is evident that it 
will give the support an impulse, just as a 
man who is exercising with a pair of heavy 
dumb-bells can shake the floor by bringing 
them down or up suddenly. It is this reversal 
of the pulse in the ware each time it arrives 
at the bridge that is mainly responsible for 
the communication of the vibration of the 
wire to the soundboard. To return to our 
experiment, it is evident that while a smart 
blow with a metal rod will cause a sharp 
dent, a blow with a soft felt hammer (such 
as a bass drumstick) will cause a smooth 
dent of much less curvature. If the hammer 
were of such weight and consistency that the 
blow lasted for hah the natural period of the 
stretched wire, while its strength gradually 
increased to a maximum and then died 
gradually away as the hammer rebounded, 
the pulse produced would have a length equal 
to the length of the wire ; thus an analysis 
into the Fourrier series to which it is equi- 
valent and which expresses the motion, 
would result in a series in which the amplitude 
of the fundamental was predominant ; a 
similar analysis of the pulse produced by a 
metal rod would require a larger number of 
terms to represent it with any closeness. 
Thus if the sound produced when the piano 
wire is struck by the hammer is to be largely 
composed qf the fundamental and the first 


one or two partials, the hammer must have 
suitable weight and elasticity. It should 
strike a blow which commences gently, rises 
to a maximum in a time which will vary 
with the pitch of the note, and then dies 
away as regularly. A moment’s thought 
will show that if the outer layer he soft and 
curved so that it touches first at a point, the 
blow will commence gently, then as the blow 
proceeds, if the deeper layers are harder, the 
pressure will increase rapidly attaining a 
maximum at the moment of greatest compres- 
sion of the felt when the hammer and wire are 
relatively at rest; after this as the hammer 
rebounds the pressure will die aw'ay. As 
the coefficient of restitution of felt is not very 
high, the force will be less during the rebound 
and the pressure-time curve will not be quit© 
symmetrical. 

The point of impact of the hammer on tho 
string is of great imiiortance. From about 
the 40th note from the bass end downwards 
to the bass end the string is struck at about 
one-eighth of the length of the speaking 
part of the string (that is the distance between, 
the two bridges) from the upper bridge. 
From this note upwards towards the treble, 
the fraction of the length from the top bridge 
gradually changes until at the top it becomes 
one-fourteenth or even one-sixteenth of the 
speaking length. Helmholtz showed that when 
a string was struck at any given point every 
partial which had a node at that point should 
be absent, and he thought that by striking 
the string at one-seventh or one-ninth of the 
distance from the end these partials which 
are inharmonic would be eliminated ; but it 
is obvious that this cannot be the controlling 
factor, since at one-eighth the partials 
eliminated would be in tune, and this is the 
fraction chosen for all those notes for which 
such partials would be most obvious. Now it 
is a fact that the amplitudes of the partials 
above the third and fourth in a good piano 
are relatively small, and though their existence 
can be proved by moans of resonators, they 
are almost inaudible without such aid and are 
probably negligible. Thus it is much more 
probable that the point found most suitable 
is really determined by the motion of the 
hammer. The makers say that the treble 
notes become more brilliant when the wires 
are struck nearer the end. Towards the top 
notes of the piano the tlmd produced by the 
blow of the hammer is audible if the point 
of contact is not nearer the end of the string 
than one-eighth of its length, and this may, 
therefore, be another reason for the point of 
contact chosen for those notes. 

§ (4) The Action. — The action now uni- 
versally adopted for all upright pianos is 
developed from the action patented by an 
Englishman named Womum in 1826. 
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Wornum’s action is virtually an adaptation 
of an earlier one of Backer’s for a horizontal 
piano. It was very nearly the same as the 
action illustrated, except that he continued 
the use of an inclined plane to throw the jack 
out of the notch of the hammer-butt. The 
bell-cranlv lever was first embodied by Erard 
in his grand action, and was not used in the 
upright action till much later. Womum 
found it impossible to induce the English 
makers to adopt his action, and it was the 
French who took it up, so that it became known 
as the French action. IMost English makers 
continued to pse the old “ sticker ” action 
until nearly the end of the nineteenth century 
— long after Wornum’s action had been 
adopted universally abroad. A good action 

(1) must give the performer full control of 
the blow, so that he can vary the intensity of 
the sound produced with ease and certainty ; 

(2) must withdraw the hammer from the 
string immediately — even if the performer 
hold the note down — or the motion of the 
string will be damped by the hammer ; (3) 
mirst not allow the hammer to bounce back 


and hit tlie string twice, unless a second 
movement is imparted to the key ; (4) must 
enable the performer to obtain rapid repetition 
of the blow when desired, and (5) this repetition 
should be obtainable without waiting for the 
key to rise to its initial position. All this the 
Womum action provides. When the front of 
the key K is pressed dowii the pilot P, which is 
screwed into the back end of the key, presses 
against the rocker A, 


which is pivoted at T. 
To the rocker is pivoted 
the jack J. The top 
of the long end of the 
jack rests in a notch in 
the butt B or hinge of 
the hammer, and thus 
pushes this up, causing 
the hammer to move 
towards the string FF'. 
Just before the hammer 
strikes the string, how- 
ever, the rocker A 
brings the toe of the 


Fig. 4. 


jack up against the set-off Q, and this causes 
the jack to rotate clockwise, and so lifts its top 
forward out of the notch of the butt B, leaving 
the latter free. This should happen when the 
hammer is 2 to 3 mm. from the wire, so that 
it is oply the inertia of the hammer which 


causes it to strike tho wire. It will then 
rebound and would fall back on the rail R 
were it not for the check C, which comes 
against E, which has been raised by the motion 
of A to wliich it is attached. In this way the 
hammer is held up a short distance from the 
string as long as E is hold against the check C, 
t.e. as long as the performer keeps the key down. 
Tliis has two important results : (a) it catches 
the hammer and prevents it bouncing back 
to strike the string a second time ; (6) it 

holds the butt up so that as the key is raised 
the jack can fall back into the notch almost 
as soon as it is free of the set-ofi, and this 
enables tho performer to cause the hammer 
to strike agam without having first to let the 
key rise up to the top, as ho would otherwise 
have to do. The damper D is carried on a wire 
inserted in a wooden lever hinged at M, and the 
lower end of this lever is pressed to tho left 
by the siioon S when the rocker A is rotated. 

The hinges or centres, as they are called, 
of tins action are made by brass wires passing 
through a hole bushed with thin cloth. This 
yields a smooth working hinge free from 
back-lash and noise. The bearing surfaces of 
the several parts of the action are covered 
with soft fabrics to avoid noise. The top of 
the notch in B into which tho jack falls is 
lined with doe-skin, as it has to transmit the 
blow, but the back of the notch is fined with 
soft felt, as it merely has to receive the end of 
tho jack and stop it as noiselessly as possible. 

An interesting point arises in regard to the 
best position for tho interface between the 
pilot P and the foot of the rocker A. Li 
order to reduce wear at this surface it is 
obvious that there should be no sliding motion 
between P and A, and that it should be a 
pure rolling one if possible. Now P is rotating 
about tho fulcrum of the key K, while tho 
rocker rotates about tho centre T, so that to 
produce a rolling motion tho point of contact 
between P and A should fie throughout the 
motion on the line joining T and L. This 
determines the depth of the foot of the rocker. 
(It should also determine its curvature, but 
this is usually ignored.) Tho same considera- 
tion applies to the point of contact between 
M and S winch should lie on the line joining 
the centres M and T; also to' the contact 
between J and Q which should fie on the fine 
joining T and the centre or hinge of the jack. 

An imiiortant feature of this action is the 
tie V, which has two objects : firstly, as the 
hammer is only about 3° from the vertical 
when it strikes the wire its weight cannot help 
it to come away after the blow, and if the 
blow were a gentle one it might be too slow 
in returning after the blow ; and secondly, the 
jack might get below the butt instead of 
merely falling into the notch. Hence Womum 
provided the string to connect the hammer 
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block with the rocker, and so to prevent any 
such undne separation, 

§ (5) The Grand Action. — This beautiful 
action was invented by Sebastian Erard in 1827 
and is now used almost universally. The 
underlying principles are the same as those of 
the upright action, already described, but the 
mechanism by which the results are achieved 
was quite original. Fig. 5 shows a modem 
form of this action which is almost identical 
with the action as Erard left it. The Muppen 2 



which is pivoted at its rear end to the flange 21 
ca,rries the jack 3, which presses against the 
roller 6 attached to the hammer shank 5, and so 
causes the hammer head 7 to strike the string 20 
when the key 1 raises the wippen 2. Just before 
this happens, the toe of the jack 3 comes into 
contact with the button 8, and this rotates 
the jack clockwise and removes it from below 
the roller 6 ; so that the hammer is quite 
free when it strikes the wire. After the blow 
it falls back upon the check 11. The repetition 
lever 4, which is pivoted near its middle to an 
upright fixed on the wippen 2 (and therefore 
moves with it), assists the check in holding up 
the hammer for a repetition of the blow. 
This it does because its front extremity comes 
into contact with the rail 14 before the jack 
reaches the button 8, and being held up by 
spring 19 it remains in contact until after the 
jack has left the button. The damper 15 rests 
on the top of the string, and is lifted by the 
lever 16, which is pivoted to the flange 21 
and hfted by the far end of the key 1. 

B. s. 0 . 

Pianoforte : a stringed musical instrument 
in which the sounds are excited by felt- 
faced hammers striking the strings and then 
leaving them to vibrate. See “ Sound,” 
§ (29) ; also previous Article. 

PIANO-PLAYER, THE 

§ (1) Development. — The piano-player has 
developed from the old barrel-organ, in which 
the music to be played was produced by 
opening the pallets by stiff wires set in a 
wooden or metal barrel. A patent was taken 
out in 1694 for a machine for p]a 3 nng on any 


keyed instrument, including the virginal and 
harpsichord, so that mechanical players are 
of some antiquity. The pierced paper rolls 
appear to have first been used for wind instru- 
ments. The openings in the rolls were passed 
over other openings communicating with 
chambers in which harmonium reeds were 
placed. The air was able to pass through the 
reed and cause it to sound when the opening 
in the paper came over a hole. The paper 
rolls evidently could not be used to strike 
a note on a piano directly, but it is obvious 
that the admission of the air through a cut 
in the paper could be used to operate a bellows 
to strike a note. In 1863 Fouraeaux in 
France took out a patent for striking a note 
on a piano by the aid of air ; but it was Gaily 
of New York in 1881, Bishop and Down in 
England in 1885, and Kuster of New York in 
1887 that really developed the pneumatic 
player. The player was sold as an independent 
instrument up to 1902, and even after that 
date many separate players were sold. Gradu- 
ally, however, its incorporation into the piano 
itself has become universal. 

§ (2) PNEiTMATia Action. — The main prin- 
ciples of the pneumatic action had been 
developed by the pipe-organ builders ; it was 
the provision of means for var 3 dng the force 
of the blow, traversing the music roll over 
the tracker tbar, adjusting and varymg the 
tempo, and emphasising the melody, which 
required to be developed in order to make 
the player a satisfactory instrument. 

The mode of action of the player is shown 
in its simplest form in the accompanying 
figure (1). A long sheet of thick perforated 
paper 2 travels from the music roll 3 to the 
take-up spool 1 over the tracker-bar 4. This 
bar is pierced with a row of 88 narrow slots 
about 3 mm, apart, each hole corresponding 
with one note on the piano which it is to 
actuate. When a perforation in the paper 
passes over one of these slots, it allows a 
little air to enter the duct 5. which communi- 
cates by the tube 6 with the primary chamber 
7. This chamber is divided into two paits 
by the thin fiexible ciiroular diaphragm 8. The 
upper part of this chamber 9 is maintained 
partially exhausted of air, so the sudden differ- 
ence of pressure between the upper and lower 
parts of this chamber lifts the diaphragm. 
J ust above this diaphragm is the lower end or 
disc of the dumb-bell-shaped primary valve, 
which is therefore also lifted. The movement 
of the valve closes the communication between 
the valve tube 12 and the exhausted primary 
chamber 9, and puts it into connection with 
the atmosphere by the lifting of the upper 
end 11 of the valve. Air is now able to pass 
through the valve-tube 12 into one side, 14a, of 
the secondary pneumatic chamber 14. This 
chamber is also divided into two parts by 
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the secondary diaphragm 13 ; the part 146 
is kept partially exhausted of air, and thus, 
when air is admitted to the other side of 
the diaphragm, the difference of pressure 
causes it to move, carrying with it the 
secondary valve 15, 16 to which the 
diaphragm is joined. This movement 
closes the opening from the open air 
to the channel 17, and puts this channel 



Fig. 1 


into connection with the exhausted chamber 
146, so that air is withdrawn from the 
pneumatic 18, causing it to collapse, and to 
lift the action 20 by means of the connecting 
rod 19. There is a tiny hole 8a called a 
bleed-hole connecting the chamber 9 with 
the tube 6 ; so that when the perforation has 
passed across the aperture in the tracker-bar 
and the slot is once more closed the pressure 
becomes equalised on both sides of the dia- 
phragm 8. This then falls and allows the 
primary valve to fall also. The air is there- 
fore sucked out of the tube 12, the valve 13 
is drawn back, and the pneumatic 18 is 
allowed to open, ready to give another blow. 
All this is very similar to the operation of the 
pneumatic action in the larger pipe-organs. 

§ (3) Bellows and Besbrvoie. — The two 
chambers 9 and 14 of Fiff. 1 are kept ex- 



FiG. 2. 

hausted by being" connected through the 
action-box 8 (Fig. 2), trunk 7, and the bellows- 
board 6 to the reservoir 6. 


The reservoir is a bellows kept open by a 
spring ; the air has to be continuously removed 
from it by working the foot-pedals 
1, which through the pedal-bars 
2 force open the bellows 3 against 
the pressure of the spring 4. The 
pneumatics of a pipe-organ are 
worked by air, which is at a 
pressure of about 30 cm. of water 
above that of the atmosphere ; 
but while it is obvious that both 
primary and secondary pneu- 
matics might be arranged to work 
with an air pressure which is 
either above or below the atmo- 
spheric pressure, the latter is now 
always used in players, as the 
reduced pressure holds the music 
roll down against the tracker- 
bar, and leakage is avoided. 

§ (4) Motor. — To carry the 
music roll from the roll 3 on to 
the take-up spool 1 of Fig. 1, 
the latter is rotated by a 
pneumatic motor, which is also 
air passing to the reservoir 6. 
consists of five simple bellows 


driven by 
The motor 



Fig. 3. 

1, 2, etc. (Figs. 3 and 4), each joined by a 
connecting rod 4 to a five-throw crank -shaft 5, 
the cranks being at 72° 
to one another. The same 
shaft works slide-valves 7 
by arms 6, which alter- 
nately admit air to each 
of the bellows and put 
it into communication 
with the reservoir through 
the exhaust 8. 

§ (5) Expression. — The 
player as it has so far 
been described would run 
at a constant speed, strike 
every note with the same 
force, and altogether fail 
to pick out a melody. 

Thus although its execu- 
tion might be perfect, it 
would give none of the 
light and shade and no variety of tempo 
(except such as might be incorporated 
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Into tte original cutting of the original 
music roll). In fact, it would, artistically, 
be a failure ; for although the soft pedal 
in the modern piano throws the action for- 
ward and so shortens the blow, this alone 
would be insufficient. A much greater range 
of power can be produced by the rate at which 
the bellows are wox’ked ; but the change of 
air pressure so produced would, of course, 
alter the speed as well as the blow. Some 
means of adjusting the air pressure of the 
motor independently, and also that of the 
chamber 14 (of 1‘iq. 1) of the secondary pneu- 
matic which actuates the final pneumatic 18, 
is therefore essential. This is achieved by the 
pressure-control valve of which the action is 
illustrated in Fiq. 5. There is a chamber 2 
communicating both with a small bellows 3 
and •Hath the reservoir through the rectangular 
aperture 1. A spring connects the top of 
the bellows with a lever 6. The top of the 
bellows is also connected with a knife- valve 5 



by the rod 6. As the pressure diminishes 
in 2 the pressure of the atmosphere on the 
outside of the beUows causes it to collapse 
and to close the valve 5, so stopping the exit 
of the air. Thus the pressure of the air in 2 
is maintained constant ; the actual -pressure 
depends upon the position of the lever 6, 
which latter is joined by the rod 7 to a lever 
under the control of the operator — generally 
at the front of the keyboard. One of these 
valves is put between the motor and the 
reservoir. It controls the tempo at which 
the piece is to be played and is set at the 
beginning of each roll. A second one is put 
in series -with this to enable the operator to 
produce accelerations, or retardations, or 
even pauses, in the piece at pleasure. One 
or more similar valves control the supply of 
air to the final pneumatic 18 {Fig. 1). Fre- 
quently there is one to affect aU the upper 
notes on the piano and another to operate 
upon the lower notes. 

§ (6) Solo Device. — For playing some 
chords louder than others, or a melody louder 
than the accompaniment, there are numerous 
de'Tices. Only two can be described here. 
In one of these the note or notes to be em- 


phasised are cut a little behind the other 
notes that should be played together, as 
shown in Fig. 6, where 5, 6, are to be played 
quietly, but 2, 3, 4, are to be emphasised. 
The slots of the latter being a little behind 
those of the 
former, the cor- 
responding pneu- 
matics will act a 
fraction of a 
second later. At 
the edge of the 
music roll there 
is an extra per- q. 

f oration 1, which 

actuates a special pneumatic whose function it 
is to change over the secondary pneumatic 
chamber 14^ {Fig. 1) from communication with 
one of the control- valves just described {Fig. 4) 
set at a lower exhaustion, to a second valve 
set at a high exhaustion. Thus after the 
bloAvs have been given by 5 and 6 with a small 
pressure difference, the other notes are struck 
•with a greater force. The pneumatics for the 
louder notes 'will be actuated a little later 
than the rest. Though this later speech of 
the emphasised notes might not necessarily be- 
disagreeable, it is possible that the notes arei 
actually struck almost simultaneously, for 
although the hammers of these notes •will start 
an instant later, yet as they are given a greater 
velocity they may reach the wires and strike- 
the notes at the same time as the quieter ones. 

The second method makes use of a group 
of perforations at the side of the tracker-bar 
as sho-wn in Fig. 7. The perforations of the 



notes themselves which are to be emphasised 
are not altered in any way. Each of the side 
perforations 1 admits air through a tube 2 
to a primary pneumatic 3, which in the usual 
way actuates through 4 a secondary diaphragm 
5. This diaphragm lets a plate 6 come down 
upon the opening 7 and closes it. The plate 
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s pierced- with a small hole only, and when it 
doses the opening 7 it obstructs the passage 
)f the air, and only allows the pneumatic 8 
which will be actuated if a perforation arrives 
)ver the opening 9 in the tracker- bar) to 
;lose gently. Thus if the aperture 9 is opened 
vhile 1 is closed, the note is struck gently, 
)ut if 1 is open the note is struck loudly. It 
night be thought that as the perforation 
vhich is to open 1 has to pass over the other 
loles la, \b, it might cause other notes to be 
ouder than those desired ; but if the distance 
)etween 1 and la is less than the time interval 
)etween two notes on the roll, this cannot 
lappen. For it will not affect the note if 1 
3 open either before or after its note is struck, 
b is only operative if 9 is opened while 1 is 
ipen. It is obvious that this is a more com- 
)licated way of producing emphasis, but it 
3 a positive method. To some extent it does 
avolvo taking liberties with the timing of the 
lotes, in order occasionally to avoid emphasis- 
iig a note that does happen to require a 
•erforation that would have acted just when 
he side perforation was passing over its solo 
.ole. 

§ (7) Tracker Device. — It is of course 
ssential that the paper roll shall register 
orrectly with the tracker-bar, so that the 
lots cut in the music roll may pass exactly 
ver the holes they are intended to open, 
’o accomplish this, two holes (1 and 2, JPig. 8) 



re added to the bar ; they are close to the 
dge of the roU and are covered by the roll 
'hen it is in its correct position. The holes 
re connected with the bellows 3 and 4 by 
ibos as shown. The bellows are normally 
ept exhausted by small bleed-holes (6 and 6) 
onnected to the air reservoir. When the 
aper does not go quite straight, it opens one 
E the holes, 1 or 2, and the corresponding 
ellows begins to close slowly. By means of 
le bar 6 (which joins the bellows together, 
ad so has been balancing their pulls) and 
le lever 6 the tracker-bar is caused to slide 
bng, until it once more registers with the 
lusic roll. 

§ (8) Electric Players. — These have also 
3en made, a brush making contact with a 
.etallic plate through the perforations. In 


the earlier machines the current energised an 
electromagnet which acted directly upon the 
piano action. This was very unsatisfactory, 
as if it was attempted to reduce the blow 
by reducing the current the armature might 
not be moved at all, on account of the 
rapid decrease of attractive force with the 
distance. In an interesting player a metal 
cylinder is kept in continual rotation. The 
armatures are arranged a little below and in 
front of this cylinder. Loose straps pass 
from the armature over the cylinder to the 
piano action. When the armature is energised 
the strap is gently tightened, and the friction 
of the revolving cylinder rubbing against the 
strap lifts the action and strikes the blow. 
Power is of course supplied by motors, which 
can be controlled either by varying the current 
or by brakes. 

§ (9) Automatic Recording. — Electricity 
has been very successfully applied to recording 
the actual performance of a pianist. Con- 
tacts on the piano keys are connected to 
electromagnets in a punching machine, so 
that the exact instant when the note is 
struck, the length of time that the key is 
held down, the use of the pedals, and the 
minutest variations in tempo are all recorded. 
In reproducing such a record the operator has 
therefore only to concern himself with the 
intensity of the blow. 

Many records have the music printed upon 
them, so that the operator can render the 
expression more intelligently. This is especi- 
ally necessary in records which are intended to 
be used as accompaniments to the voice or 
■violin. B. s. 0. 


Piccolo : a wood-wind musical instrument. 
See “ Sound,” § (34). 

Pipe, Conical, calculation of frequencies of 
vibration of. See “ Sound,” § (62) (v.). 

Pbpe, Open, calculation of frequencies of 
vibration of. See “ Sound,” § (52) (ii.). 
Correction for mouth and open end in 
calculation of frequencies of vibration 
of. See ibid. § (62) (iii.). 

Pipe, Stopped, calculation of frequencies of 
vibration of. See Sound, § (52) (iv.). 

Pitch op Musical Instruments, eJffect of 
change of temperature on, tabulated. See 
“ Sound,” § (62) (vii.), Table X. 

Pitch op a Musical Note : a term used in 
music to denote the property of the note 
which determines its position in the musical 
range ; the number of vibrations per 
second, or frequency, of the sound is adopted 
as a precise physical measure of the pitch. 
See “ Sound,” § (1). 
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Pitches, Typical Musical, in Chronological 
Order, tai)ulated. See “ Sound,” § (7), 
Table III. 

Pitchblende, occurrence of, as ore of radium. 
See “ Radium,” § (2). 

Planck’s Radiation Formula. See “ Radia- 
tion Theory,” § (6). 

Plane-tables and Accessories. See “ Sur- 
veying and Surveying Instruments,” § (17). 

Plane-tables and Method oe Plane- 
tabling. See “ Surveying and Surveying 
Instruments,” §§ (9) (iv.), (16). 

Plate-glass, Mandpacturb of. See “ Glass, 

§ (18) (N.). 

Pleoohroism. See “ Polarised Light and its 
Applications,” § (17) (i.). 

Poisson’s Ratio : the ratio of the lateral 
contraction to the longitudinal extension 
of an elastic material ; its value in glass is 
<)-21-0-28. See “ Glass,” § (26) (iv.). 

Polar Diagrams, as used in photometry : 
diagrams showing graphically the candle- 
power of a light source in various directions. 
See “ Photometry and Illumination,” § (37). 


POLARIMETRY 

§ (1) Descriptive and Historical. — When 
certain crystals and liquids are placed between 
crossed Nicol prisms, the light will not in 
general remain extinguished. If the light 
source is homogeneous, or approximately so, 
by rotating the analyser (i.e. the polarising 
prism nearer to the eye, the farther one being 
called the polariser) a new position is found 
where complete extinction is again- obtained. 
This can be explained by regarding the crystal 
or liquid as having rotated the plane of 
polarisation of the light as it passed through 
the substance. 

The phenomenon can be illustrated schem- 
atically by means of Fig. 1. Consider the case 



Fig. 1. 


of a plane polarised beam of light passing 
through a crystal of quartz along its optic 
axis, the beam before entering the quartz 
being polarised in the azimuth perpendicular 
to AB. The plane of vibration is in the plane 
of AB. When the light enters the quartz, this 
plane is gradually orientated by an amount 
that is proportional to the thickness of quartz 


traversed, until it emerges at G, with the 
direction of the vibration now lying in the 
plane A'B'. Now that the light has left 
the “ optically active ” quartz, the plane of 
vibration of the farther course of the beam 
will be that of A'B' ; and the plane of 
polarisation will be rotated, by passage through 
the quartz, by an angle equal to that betAveen 
AB and A'B'. 

Arago ^ observed in 1811 that the effect 
produced when a plate of quartz cut per- 
pendicularly to its axis is placed between a 
polariser and analyser differs from that caused 
by a plate of mica in the same position. 

Biot ^ was the first, however, to point out, 
in 1812, that a rotation of some kind was in- 
volved ; he showed ® also, in 1915, that this 
property was exhibited by turpentine and a 
number of other substances. The rotation 
depends on the thickness of active medium 
traversed and on the wave-length of the fight 
being inversely proportional (approximately) 
to the square of the wave-length. The name 
Rotatory Dispersion has been given to this 
property. 

Biot’s polarimeter * had as polariser a 
plate of black glass, set at the polarising angle, 
viz. the angle at which polarisation was most 
complete. This was connected with a fixed 
divided circle by means of a V-shaped trough 
in which tubes containing liquids could be 
placed. The “ analyser ” consisted of a double- 
image prism, a prism, that is, giving two 
images, one formed by the “ ordinary ” and one 
by the “ extraordinary ” beams, these being 
polarised in planes perpendicular to each other. 
This prism was mounted in a tube carr 3 nng an 
index arm by which the angular rotation of 
the analyser could be read on the divided 
circle. The analyser was rotated until the 
image of the light source formed by the 
extraordinary beam was most near to extinc- 
tion. When the optically active substance 
was placed in the trough, the image (from the 
extraordinary beam) would again appear, and 
the analyser rotated until extinction was 
obtained once more. It was with this very 
simple apparatus that Biot made the element- 
ary observations that are of fundamental 
importance in polarimetry. 

Ventzke ® shortly afterwards employed 
Nicol prisms as polariser and analyser, thus 
securing complete polarisation at the polarising 
end, and the elimination of the double image 
at the analyser. 

^ Avago, M4m. de la prem. classe de VInst., 1811, 
xii. 93. 

® Blot, Mdm. de la prem. classe de I’ Inst., 1912, 
Part I. pp. 262-264. 

“ Biot, Bull. Soc. Phiiomat.. 1815, p. 190, ox Ann. de 
Chim. et de Phys., 1817, iv. 90. 

‘ Biot, Compt. Rend., 1840, xi. 413; Ann. de CKim. 
et de Phys., 1840 (2), Ixxiv. 401. 

® Ventzke, Erdman's Journ. filr praMische Chemie, 
1842, XXV. 66. 



rotated through an angle of 90° by a plate 
of quartz 3-75 mm. thick. Soleil’s biplate, 
which utilised this effect, consisted of two 
semicircular discs of quartz of that thickness, 
the one half being right-handed quartz (i.e. 
quartz that orientated the plane polarised 
beam in a clockwise direction as viewed by 
the observer) and the other left-handed 
quartz. The principle underlying its action 
can be seen from Fig. 2. Let AA' be the 



plane of polarisation of the white light 
entering the biplate. On emerging from 
the biplate the pianos of polarisation of the 
rod, yellow, green, etc., rays are indicated 
by dotted lines drawn from 0 and O', 
the points of emergence of the rays. Owing 
to the structural difference in the two kinds 
of quartz, the planes of polarisation are 
rotated in opposite directions, the one pheno- 
menon being a mirror image of the other. 
When the analysing niool is parallel to the 
polariser, the yellow rays (which have been 
rotated an angle of 90° to AA') will be cut 
out entirely. A portion of the light intensity 

^ Mitscherlich, Lehrhuch der Chemie (4tli ed.), 1844, 
cxl, 36. 

“ Solell, Oompt. Rend., 1845, xx. 1806. 

“ B-oblquet; cf. Sldeisky, Polarisation et Saccha- 
rimelrie (2nd ed.), p. 48 ; Landolt, Das oplische 
DrehungsvermOgen, 1898, p. 294. 


the left half of the field to change as rapidly 
to a distinct blue. 

Thus in the sensitive region where measure- 
ments are made the two halves of the field 
will have the same colour or tint only when the 
analyser is parallel to the polariser. If now 
an optically active substance be interposed, 
equality of tint can only be obtained by a 
rotation of the analyser to compensate for the 
rotation of the active substance. When the 
thickness of quartz is, as described above, so 
chosen that the yellow rays are extinguished 
by an analyser that is parallel to the polariser, 
the residual colour is exceedingly sensitive, 
turning either red or blue with a very slight 
rotation of the analyser. Tor this reason it 
has been called the sensitive tint, ieinte 
de passage, or Vbergangsfarbe. In order to 
have a complete explanation of why the 3-76 
mm. quartz plate gives the most accurate 
results, the following factors must be con- 
sidered: (1) Rotatory dispersion of quartz; 
(2) energy distribution of the white light 
spectrum ; (3) relative sensibility of the 

average eye to radiation of different wave- 
lengths. These together with the Malus cos® 0 
law and the three primary sensation curves 
(red, green, and blue), such as given by Exner,** 
will give the change of tint with a given 
rotation of the analyser, by the method 
indicated by Ives.® 

The disadvantages of this type are at once 
apparent: it must be used with white light, 
and the rotation obtained is approximately 
that for mean yellow light. Even if colour- 
less substances are examined, there is no 
position of the analyser for which the tints 
in both halves of the field are the same, 
because of the rotatory dispersion of the 
substance itself, and thus systematic errors 
are introduced, of a kind extremely difficult 
to determine. This difficulty is considerably 

* Exner, Sitz. Wien. Akad., 1902, aht. Ila, cxi. 857. 

“ Ives, Joum. Frank. Inst., 1915, clxxx. 073. 
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increased 'when the substance is coloured. 
While it is almost impossible for a colour-blind 
person to use this method, there will be’ per- 
ceptible differences in the readings of normal 
persons, as the relative sensibility curves of 
individual eyes (to radiation of different 
wave-lengths) show considerable variation. 

For these reasons the Soleil double plate is 
never employed in modern measurements. 

§ (3) Jellett’s Prism. — The next and 
probably the most important development 
in polarimetry is due to JellettA who utilised 
the photometric principle of matching two 
illuminated fields by varying their relative 
intensity. The eye is able, under favourable 
conditions, to detect very small differences of 
intensity (when no colour difference exists), 
and it is this principle that underlieg the 
construction of all modern polarimeters and 
saccharimeters. A rhomb of Iceland spar is 
cut so as to form a right prism, as in Fig. 3. 
It is then cut in two in a plane B'BC parallel 
to the long edges of the prism and making a 
small angle a with the longer diagonal DD' 
of the upper face. The one part is then 



reversed, and cemented to the other as shown 
in Fig. 4. This composite prism is then 
mounted as the analysing prism, and the 
dividing line observed by means of a lens. 
This analyser receives a parallel circular beam 
from the polariser, and this beam is divided 
into four parts as in Fig. 5. The ordinary 
beams (one through each 
prism) remain central and 
svmmetrical about the 
)->« vertical interface ; while 
the extraordinary images 
are refracted to the posi- 
tions E and E'. These 
extraordinary images can 
be screened off by means 
of a suitable diaphragm at the eye side of 
the analyser. 

Let (in Fig. 6) CD represent the plane of 
polarisation of the polariser, and OA, OB the 
planes of polarisation in the two parts of the 



Pig. 5. 


^ Jellett, Proc. Roy. Irish Acad., June 25, 1860; 
ibid. Jan. 22, 1863. The description of the use of 
this prism usually given seems to originate in an in- 
correct reading of Rep. Brit. Assoc., 1860, ii. 13, and 
is incorrect. 


Jellett analyser. The two halves of the field 
will appear equally bright if the components 
of OA and OB on CD are equal, i.e. if OA is 
taken to equal OB, then they both make 
equal angles with CD. 


If now the analyser 
is rotated so that the 
polariser is in a posi- 
tion C'D' with respect 
to OA and OB, the 
components of the 
latter (C'O, OD' re- 
spectively) are no 
longer equal, the ratio 
of brightness being given, according to the law 
of Malus, as (C'0)/(0D')^. It will be seen 
that under these conditions an equality of 
brightness in two halves of the field affords a 
sensitive means of determining optical rotation. 

§ (4) Cornu’s Prism. — Cornu ^ improved on 
Jellett’s original prism, using a Nicol prism 
instead of the natural rhomb, the Nicol pri jin 
being divided in two in the same way as in 
Jellett’s rhomb {Fig. 3). Instead of reversing 
the one half so as to have a resulting prism 
of the inconvenient and wasteful shape shown 
in Fig. 4, Cornu removed a thin wedge of 
spar, the apex of which was parallel to the 
long edges of the prism (see Fig. 7). The two 
parts were then cemented together without 
reversal, the planes of polarisation of the 
two parts making an angle with 
each other equal to the angle of 
the wedge of spar removed. 

This composite prism was placed 
at the polariser end, and a Nicol 
prism being used as analyser, 
the net result is much the same 
as that of the Jellett arrangement 
previously described, with the main differences 
that the double images of the Jellett prism 
are entirely eliminated, and that while Jellett 
used his prism as analyser. Cornu used his as 
polariser. This form of polariser is generally 
known as the Cornu- J ellett prism, and it re- 
mains in common use up to the present time 
for inexpensive polarimeters and sacchari- 
meters. 

It is evident that the angle between the 
planes of polarisation of the Comu-Jellett 
prism is fixed. This angle is called the “ half 
shadpw ” angle, since to it is due that at the 
critical position of matching the field is neither 
dark nor yet completely illuminated. If this 
angle has been made comparatively small 
(say 2°-3°) in order to obtain greater sensitive- 
ness, the prism may become no better than an 
ordinary nicol for examining the rotation of a 
light- absorbing substance, since the brightness 
of the field at the matching point, compared 
with the maximum brightness obtainable, is 
proportional to sin^ («/2), where a is the half- 



Fig. 7. 



^ Cornu, Bull. Soc. Chim. Paris, 1870, xiv. 1-10. 
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shadow angle. Further, as will he seen later, 
it is not desirable to make this half-shadow 
angle too great, as the sensitiveness is reduced 
proportionately. 

§ (5) The Laurent Polabimeter. — In 
order to overcome this defect in the Cornu- 
Jellett polariser, Laurent ^ used a quartz plate 
covering half of a plane polarised beam from a 
Nicol prism. Tlie principle can be understood 
from Fi(j. 8. The quartz plate A, whose 
optic axis lies in the 
plane of the paper, and 
has a direction OB, covers 
half of the circular aper- 
ture of the field of the 
Nicol prism in front of 
it. The thickness of the 
plate is chosen so that 
the difference between 
the paths of the ordinary 
and extraordinary rays, 
into Avhich the incident 
plane polarised beam is divided, is some odd 
multiple of half the wave-length of the light 
that is used. If and are the refractive 
indices of the ordinary and extraordinary rays 
in the quartz for a given wave-length X, then 

5 = d(na - no) = {2m -f 1 )~, 



when cl is the thickness of the plate, and 
S the path difference introduced. For the 
sodium light and Dg minimum thick- 
ness is 0-0324 mm., but, as this plate would 
be too thin and fragile in practical use, some 
odd multiple of this thickness is chosen so 
that the plate is approximately -6 mm. thick. 

Let OE represent the plane of polarisation, 
and its length the amplitude of the linearly 
polarised homogeneous light coming from the 
polariser, whose plane of polarisation makes an 
angle 6/2 with the optic axis OB of the quartz 
plate. The plane polarised beam, the direction 
and amplitude of which is given by OE, will, 
on entering the quartz plate, bo divided into 
two parts, the one polarised in the plane of 
the optic axis OB and the other perpendicular 
to it in the plane CD. Thus OGr and OK will 
represent the amplitudes and directions of the 
components at the moment that OE enters the 
plate. These components are in phase wdth 
each other. 

Since the component of the beam represented 
by OK is accelerated in its passage through 
the quartz by an amount (2m-t-l)X/2, m 
being an integer, as compared with the extra- 
ordinary ray OG, the position at emergence 
can be represented graphically by reversing 
the direction of OK, the components in phase 
on emergence being OG and OJ. Thus the 


resultant OF will represent the plane of 
polarisation after transmission of the beam 
through the quartz. If CD represents the 
plane of polarisation of the analyser, then a 
matching of the fields is obtained when 
the component OJ on CD is equal to the 
component OK from the unobstructed half of 
the field. 

In order to vary the half -shadow angle, all 
that is required is to rotate .the plane of 
polarisation of the polarising nicol ; the angle 
that this plane makes with the optic axis of 
the plate is one-half the half-shadow angle. 

This Laurent polariser, while allowing a 
variable half-shadow angle, is limited as to 
light source, the only permissible one being 
that for which the half-wave plate has been 
cut. / The sensitiveness, as in all half- 
shadow polarisers, depends upon the magni- 
tude of this angle, and on the intensity of the 
light source used. Heele “ somewhat increased 
the sensitiveness by arranging the half-wave 
plate as a circular one mounted on a larger 
glass plate, as in Fig. 9 (i.), and Pellin has 
introduced the modifica- 
tion shown in Fig. 9 (ii.), 
when the retarding plate 
forms a ring around the 
centre of the field as shown. 

When using a bright 
sodium light with a small 
half-shadow angle (about l|-°) and taking 
the precaution suggested by Laurent of using 
a thin plate of potassium bichromate to cut 
off the other radiations of sodium, consistent 
settings can be made to within + J'. 

Lippicli ** has, however, shown that the Laurent 
polariser cannot ho roliod on as an exact moans of 
moasuronient. Since tho relative importance of 
this type of polariser has become considerably smaller 
during tho last twenty years, it wifi, bo sufficient 
to mention some of tho main results of Lippich’s 
analysis. Tho technical difficulties of making tho 
plates porfootly parallel, with tho optic axis lying 
exactly in the same plane, and of exactly tho correct 
thickness for the particular wave-length chosen, are 
with modern methods perhaps not insuperable. But 
Lippioh found that they certainly were not made 
with sufficient accuracy ; and even had they been 
ideally perfect it would have been necessary, in order 
that difi'erent instruments might agree, that the 
thicknesses of all Laurent plates should be identical, 
and not merely any odd number of half-wave-length 
retardation. Again, even if agreement were thus 
secured, the precise significance of rotation measure- 
ments depended on a knowledge of tlie rotatory dis- 
persion of the substance under test, which knowledge 
could not bo obtained on instruments of the Laurent 
type. 

Finally, one and the same instruments give different 
measurements of a rotation with different half- 



' Laurent, Journ. d. Phys., 1874 (T.), iii. 183; 
1879, vlil. 104 ; Dlngler’s Poly. Journ., 1877, ccxxlU. 
608. 


* Heele, Zeitsch. Instkde., 1890, xvl. 269. 

“ Lipplch, Sitz. Wien. Akad., 1890, abt. Ila, xeix. 
695. 
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shadow angles. All these faults result from the 
imperfect homogeneity of all ijractical light sources. 

Schulz ^ has recently examined the errors due to 
elliptic polarisation caused by the obliquity of the 
rays falling on the Laurent plate. He finds that if 
A is the diameter of the aperture or diaphragm at 
the polariser and B that of the analyser, and L is 
their distance apart, then if A + B = -OSSL, the error 
caused by obliquity of the rays is not greater than 
•001°. If A and B are to be the same, then for a 
polarimeter to take 200 mm. tubes (L=230 mm.) 
the value of A = 2-C mm., for a 400 mm. instrument 
(L=430 mm.) A must not exceed 4-9 mm. 

Notwithstanding the above criticisms, it cannot be 
doubted that the large discrepancies usually found 
in results with different Laurent polariraeters must 
be mainly due to defective manufacture and lack 
of purity of the quartz. 

§ (6) Lippich’s Polariser. — The polarising 
ystem of Lippioh,^ which is in general use 
in the best polarimeters at present, combines 
the advantages of a variable half -shadow 
angle, and freedom to use either a hetero- 
geneous light source or homogeneous h'ght of 
any desired wave-length. 

In the Lippich system an ordinary nicol A 
{Fig. 10) is followed by a smaller nicol B 
covering half the field. The 

0 planes of polarisation of the 

j prisms A and B make an 

1 angle 6 with each other, and 
thus it is possible to employ 
the photometric principle of 
Jellett in measuring rota- 
tions, as has been previously 
described. In order to have 
a field of uniform brightness 
at the matching point, the 
nicol B must be so designed 
that all the rays followed 
back from any point within 
the diaphragm MN of the 
analyser must pass into A 
without any partial obstruc- 
tion by the small prism B. 

If a/2 is the half-cone 
angle subtended by the 
analyser diaphragm at C, 
then in order that no light 
from A shall enter the 
analyser after external reflec- 
tion at the surface CP the latter must 
make an angle with the axis 00' slightly 
greaterthan a/2 (say {aj2)^(3). If the ray NG 
traced back from the analyser is to pass 
through B, without internal reflection, then 
in order that the ray CG should make a small 
angle e with the side CP the angle PCD must 
be suitably chosen. It is found that if e 
and /3 are made about 10', the angle PCD 

^ Schulz, PJiys. ZeiUchr., 1920, xxi. 33. 

“ Lippich, Lotos, 1880, ii. ; Zeitsehr. ImUcde., 1882, 
ll. 167 ; 1892, xii. 333 ; 1894, xlv. 326 ; Wien. Ber., 
1882, Ixxxv. 268 ; 1886, xci. 1059 ; 1890, xcix. 695 ; 
1896, cv. 317. 
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must be between 92° and 94°. This small 
prism is commonly called the “half Lippich 
prism.” 

Lippich improved on his original two-field 
system by having two half Lippich prisms B 
and C mounted as shown in Fig. 11. The 
resulting field (DEF) is 
divided into three parts. 

The original intention of 
Lippich was that the planes 
of polarisation of the half 
prisms B and 0 should be 
slightly inclined to one 
another, so that if a match 
is made between D and E, 
the difference in brightness 
between E and P is just dis- 
cernible. By this means the 
range of uncertainty in set- 
ting should theoretically be 
halved. 

Perhaps the greatest advan- 
tage of the three-field system, 
however, lies in the fact that 
it enables the observer to 
correct any slight error in the 
alignment of the light source PKj, u, 
with the optical axis of the 
polarimeter. The distribution of the in- 
tensity of illumination over the field is 
liable to change rapidly with a slight dis- 
placement of the light source, and an error 
due to this cause would generally be far greater 
than that due to the lack of sensitiveness of 
the eye, especially if the observer has had some 
practice in making polarimetric measurements. 

Lummer ® has constructed a polariser with a field 
divided into four equal parts. This is done hy 
adding to a douhle-field Lippich system two more 
very small half Lippich prisms each of which covers 
a field equal to a half of prism B in Fig. 10. These 
are placed at the outer edges so that the field is 
divided into four equal parts. In this polariser it 
is not a condition of uniform brightness that is aimed 
at, but the equally distinct appearance of two of the 
parts on a uniform background. 

Whether - this type of polariser shows any real 
gain of sensitiveness over the Lippich three-field 
polariser does not appear to have been adequately 
tested. The arrangement is too complicated ever to 
come into general use, unless its advantages were 
very real. In practice it is found difiioult enough to 
adjust, and keep in adjustment, the Lippich three- 
field type. 

§ (7) Variation or Sensitiveness with 
THE Hale-shadow Angle. — ^It bas been 
mentioned that tbe sensitiveness or accuracy 
of setting with the photometric matching 
principle of Jellett depends on the half-shadow 
angle. It is generally assumed that the eye 
can recognise a difference of brightness of 
about 1 per cent when examining two adjacent 
fields. 

Lummer, Zeitsehr. Instkde., 1890, xvl. 209. 
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Let OA and OB (in Fig. 12) represent the 
planes of polarisation in each part, and their 
lengths represent their amplitudes which are 
assumed equal, and let AOA represent the 
plane of polarisation of the analyser when the 
two fields are equally 
bright. Then, if the 
analyser be rotated a 
very small angle S into 
the position A'OA 
such that the beam 
originally polarised in 
the direction OA is, 
after passage through 
the analyser, just per- 
ceptibly brighter than 
that of the other half of the field, OA 
and OB will then make angles of 90-0-5 
and 90-0-1-5 with the new plane of polarisa- 
tion of the analyser. The ratio of the intensi- 
ties in the two halves will be,' according to the 
law of Mai us : 



which gives 


sin^J0_-_^)_ 
sih^ (0 + 5)“^’ 


(1 - 

(1 Vp) 


tan 0. 


(In obtaining this expression, which gives 5 in 
circular measure, 5 is taken to be so small 
that cos 6 = 1 and sin 5 = 5.) 

If p is taken to be -99, which is equivalent 
to saying that 1 per cent change of intensity 
can be detected, then 


5= '0025 tan 0. 


Remembering that 0 in Fig. 12 is half of the 
half-shadow angle, the solid line in Fig. 13 



represents the kind of variation in sensitiveness 
with half-shadow angle that is to be expected 
on theoretical grounds. The actual curve of 
mean error (dotted line) given by Schulz and 
Gleichen ^ indicates that with a half-shadow 

^ Schulz und Gleichen, PoZamationapparote ttnd 
ihre Verwendung, Stuttgart, 1919, p. 00. 


angle of about 9°-10° the accuracy’of setting is 
considerably greater than that shown by the 
theoretical curve. This shows that under 
favourable conditions the eye can detect a 
change of intensity of illumination of about 
•75 per cent. 

It is usually assumed that tjre cause of the 
rapid loss of sensitiveness as the half-shadow 
angle becomes less than 1° is that the general 
illumination then becomes too faint for accurate 
matching. The chief reason, however, is that 
with such half-shadow angles the effect of the 
elliptic polarisation becomes appreciable. The 
light incident on the analyser is assumed to 
be completely plane polarised, whilst in prac- 
tice it is always to a slight extent elliptically 
polarised, to an extent depending on the total 
amount, and azimuth of the double refraction, 
present, between the oil or balsam film of the 
polarisor and that of the analyser. There is 
also always a slight admixture of depolarised 
hght. The effect as seen through the analyser 
can be regarded as merely adding an equal 
amount of general illumination to each field. 
This is not appreciably altered as the half- 
shadow angle is made to approach 0°, and as 
the intensity of illumination from the plane- 
polarised component becomes a smaller and 
smaller proportion of the total intensity of the 
field, the analyser has to be rotated a corre- 
spondingly greater amount before the eye can 
discern a change of intensity. This can be 
easily verified by observing the sensitiveness 
of a polnrimetor with a half shadow of 2°-3° 
using a very poor light source, so that the field 
at the matching point is very dark. With 8v;oh 
an arrangement a much higher accuracy will 
be attaindO. than with a half-shadow angle of, 
say, even when in the latter case the light 
source is so improved that the intensity of 
illumination at the matching point is consider- 
ably brighter than with the larger half -shadow 
angle. 

It can be shown that in consequence of the 
inequality of the intensity of illumination in 
the two halves of an ordinary Lippioh polariser, 
a systematic error is made in the measurement 
of a rotation either if the substance under 
examination is slightly bi-refringent or if a 
small amount of accidental double refraction 
is otherwise introduced into the path after 
the zero reading of the polarimetor has been 
taken. 

This has not yet been fully investigated, but 
it is found that with a half-shadow angle of 
about 3° and an ellipticity of 1/100 (ratio of 
minor to major axis) the error is of the 
order of 1'. 

§ (8) Wildb’s Polaeimethe. — Other forms 
of polariser have been suggested from time 
to time, none of which, however, have come 
into general use. 

In the form of polarimetor devised by 
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Wilde, ^ both the polariaer and analyser are 
ordinary Nicol prisms. In order to obtain an 
accurate setting, a Savart plate is mounted 
in front of the analysing nicol. As this con- 
sists of plates of Iceland spar or quartz, the 
optic axes of Avhich make an angle of 45° with 
the direction of the light, and whose principal 
sections are at right angles, a system of inter- 
ference fringes is seen m general. When the 
plane of polarisation of the beam from the 
polarising nicol coincides with the principal 
section of either of the plates, the fringes 
disappear at the centre of the field. By 
reducing the intensity of the light source, 
the breadth of the band showing no fringes 
can be considerably narrowed, and this can 
then be set symmetrically with respect to a 
pair of cross lines placed at the focal plane 
of two lenses that form a telescopic system 
interposed between the Savart plate and the 
analysing nicol. 

The instrument can be used with a homo- 
geneous light source of any wave-length, and 
has the great advantage that a strong light 
source is not required. Considerable practice 
is required before the observer can obtain an 
accuracy of sotting comparable with that of a 
half-shadow polariser, as the termination of 
the fringe system is not sharply defined. For 
this reason the Wilde instrument is very 
rarely used. 

§ (9) Landolt and Lippraii. — Londolt “ 
observed that when a very intense light source 
is examined b 3 >' a pan of wide-angled Nicol 
prisms, the field, instead of being uniformly 
dark, is crossed by a narrow black band only. 
This was first explamed by Lippich,® who 
showed that, due to the varying obliquity of 
the rays incident on the prism, the directions 
of vibration at different parts of the field were 
not strictly parallel. Ho showed further that 
in the case of Nicol prisms whose end faces 
were perpendicular to the axis of the -prism 
the direction of the vibration was represented 
by a system of converging lines which met at 
a pomt P outside the prisms. The direction 
of the plane of polarisation will therefore be 
given by arcs of circle with P as centre. In 
Fig. 14 the solid arcs abed, etc., will indicate 
the direction of the plane of polarisation at 
any point in the field. 

A similar state of affairs holds in the case 
of the analyser, when the dotted arcs a'b', etc,, 
will represent the direction of the planes of 
polarisation of the analyser at various points 
in the field. 

1 Wilde, Vber ein mues Polar istrobometer, Bern, 
1862 ; Vicrteljahraschrifi der Naturf. Ges., Zttrich. 
1898, xlUi. 57 ; 1890, xflv. 136. 

“ Lanclolt, Pas optische- Drehungsvermdaen organi- 
seher Subslamen (1st ed. 1870), p. 95. 

“ Lipplch, Sitz. Wien. Akad., 1882, Ixxxv. 268. 
Later investigation has slmwn tliat the analysis of 
Lipplch is only a close approximation. Cf. Berek, 
Verh. d. D. Phya. Oea., 1919, xxi, 338. 


It will be noticed that these two sets of 
curves are only perpendicular to each other 
along the locus F(3r-J, and therefore complete 



darkness will occur only along this line. A 
slight rotation of either the analyser or 
polariser will obviously change the loosition 
of this locus. Lippich made use of this fringe 
in the construction of a polarimeter, when 
the position of the fringe with reference to a 
pair of cross-hairs served as the criterion 
instead of the matching of fields as in a half- 
shadow polariser. By this moans Lippich 
states that it is possible to set the analysing 
nicol to within two or three seconds of arc,* 
an accuracy considerably greater than that 
obtained by any typo of half-shadow polariser. 
In order to see the fringe, the light source 
must bo very intense {e.g. sunlight or the 
electric arc), and so the method cannot bo con- 
veniently applied for polarimetric work, since 
it is difficult to obtain the necessarily homo- 
geneous light source of the required intensity. 

§ (10) Lummer’s Polarimeter. — In the 
polariser evolved by Lummer,® plane polarised 
light falls on a 46° prism the hypotenuse face 
of which has silvei’od strips S (Fig. 15). The 
light enters the prism normal to the face 
ABCD. The portion falling on the unsilvered 
part of the hypotenuse face ABEF is totally 
reflected, while the light falling on the silvered 
surface suffers metallic reflection. If the plane 
of polarisation of the incident beam is parallel 
or perpendicular to the plane of reflection, 
the planes of polarisation of the reflected 
beams (total reflection and metallic reflection) 
will be coincident. If the polarising nicol is 
rotated through an angle 0, the portions of 
the beam suffering total reflection will be 
rotated an angle 6° from its original azimuth, 

'■ G. Bruhat and M. Hanot claim that it is not 
possible to measure a rotation of the order of 20° 
by this method with an error less than 1'. With 
intense sources, e.g. mercury arc^this error can be 
reduced by half. Acad. Science, Paris, May 30, 1921. 

* Luramer, Verh. d. Oea. Deutach. Naturf. u. Arzte 
Wien, 1894 i. 79 ; Zeitach.filr Inskde., 1895, xv. 
293. 
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while that reflected from the silver strips will 
he rotated through an equal angle in the 
opposite direction. A half -shadow arrange- 


B 



ment is thus obtained, as in the case of the 
Lippich system, vdth a half -shadow angle of 
20, which can be varied as required. 

Owing to the comparatively large amount of 
glass in the path, the effect of small amounts 
of double refraction, which is negligible in thin 
plates, now becomes appreciable and the field 
at the matching point is not uniform, having 
brighter or darker patches in the field of view. 
With a large half-shadow angle, the linearly 
polarised light becomes elliptically polarised, 
and, as can be shown from the electromagnetic 
theory, the ellipticity will be different in the 
two cases. For half -shadow angles as used in 
practical work, the ellipticity introduced at 
reflection is negligible, the only drawback 
bemg the double refraction due to lack of 
homogeneity and annealing of the glass. 

It is possible that, as the technique of 
optical glass manufacture is improved, this 
type of polariser may come into common use. 
A detailed investigation of its properties has 
been made by Volke.^ 

§ (11) General Considerations. — ^A large 
number of polarisers have been devised which 
depend on the double refraction or rotatory 
power of quartz for their half-shadow effect, 
and a typical example, the Laurent plate, has 
been described in detail. 

A most serious objection to this class of 
polariser is the great scarcity of optically 
good quartz, the purity of which immediately 
sets the limit to the accuracy and sensitiveness 
of the particular polariser. From this cause 
alone a considerable variation is to be ex- 
pected between the performances of individual 
polarisers of any one type. 

(i.) Poynting's Polariser . — The polariser of 
Poynting ^ is made by dividing a circular plate 
of quartz, cut perpendicular to the optic 
axis, along the diameter. One half is slightly 
reduced in thickness and the two halves 
reunited. The half-shadow effect is obtained 
by the difference of the rotation produced in 
each half of the plate. The half -shadow angle 

^ Volke, Inaugural - Dissertation, Breslau, 1909. 
See also Volke, Ann. d. Physik, 1910, xxxl. 600. 

® Poynting, Phil. Mag., 1880 (5), x. 18. 


is therefore a fixed one, and furthermore it 
is necessary to employ a homogeneous light 
source to avoid the effects of rotatory dis- 
persion. 

(ii.) Nakamura’s Polariser. — Nakamura^ has 
shown that maximum sensitiveness of a Soleil 
double quartz plate is obtained when the 
plate is approximately -4 mm. thick, instead 
of 3-5 mm. or 7 mm. as originally used. 
Wright^ independently arrived at the same 
conclusion, and as this polariser admits of 
only one fixed half -shadow angle, the latter ^ 
has evolved an ingenious application, which 
not only affords a variable half -shadow angle, 
but also gives this variation vdthout a change 
of the zero position of the analyser — a most 
important consideration in the case of sacchari- 
meters. It consists of tivo wedges of quartz 
of equal angle but of opposite rotation, the 
one mounted above the other as shown in 
Fig. 16, and immediately behind each half 


♦ llmms, > 4mm8. 
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wedge is a parallel plate of quartz of opposite 
rotation. The dimensions suggested by Wright 
for polarimetrio work are given in the figure. 
It y^l be seen that at a point 3-3 mm. from 
the thinner end of the wedge the total rotation 
is zero in both parts, since the thickness of the 
double wedge is then the same as that of the 
double plate of opposite rotation. The field 
of view when the nicols are crossed will there- 
fore be comparatively bright, except for a 
narrow dark band at this point, which vdll 
run vertically across the field. If either nicol 
is given a slight rotation the part of the dark 

“ Nakamura, CenU-alblatf. fUr Min., 1906, pp. 267- 
279. 

* Wright, Amer. Journ. Sci, 1908, xxvl. 377. 

» Ibid. pp. 391-398. 
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band in the upper wedge, \vill move rapidly 
in one direction, whilst the dark band in the 
lower wedge will move a corresponding 
distance in the opposite direction. In using 
this device an approximate setting is first 
made, and biquartz wedge is then placed in 
the path, the accurate reading being obtained 
by rotating the analysing nicol until the black 
bands are brought in alignment. 

As the thicker end of the double wedge is 
moved into the field, the coincidence of the 
two parts of the black band remains unaltered, 
the field itself becoming generally brighter 
while the band itself is not so sharply defined. 
With wedges of the dimensions given in Fig. 
16, illumination, equivalent to that given by 
a Lippich polariser of 15° half-shadow angle, 
is obtained when the thicker end of the wedge 
is in the field of view. As only one magnify- 
ing lens is needed, the usual light-absorbing 
observing telescope can be dispensed with. 
This form of polariser has not yet been 
employed in any commercial polarimeter or 
saccharimeter. 

(iii.) Brace's Polariser. — Probably the most 
sensitive and accurate form of half -shadow 
polariser is that of Brace.’- Essentially it 
consists of two plates of mica mounted 
between crossed nicols. The first consists of 
a strip (about -00017 mm. thick or 
retardation) covering part of the field, and 
is fixed ; the second “ compensator ” plate 
covers the whole field and has a retardation 
of JX. Two positions of the compensator plate 
can be found at which the intensity of the 
light is uniform over the whole field. By 
var3nng the angle which the principal section 
of the strip makes with the azimuth of the 
polariser (or analyser) a variable half -shadow 
effect is obtained. For a complete account 
of the principles underlying its use, reference 
must be made to the original papers. The 
main advantages of this polariser are that the 
separating line is vanishingly fine, and that 
the double refraction due to strain between 
the polariser and analyser is reduced to a 
minimum, so that it can be successfully used' 
with what is equivalent to a very small half- 
shadow angle. It is mostly used for deter- 
mination of ellipticities ; with a very thin 
sensitive strip a change of phase of 6-2 x 10-'’ 
can be detected under favourable conditions. 
Bates ® has applied this type of polariser to 
a spectra polarimeter and found the extreme 
differences of readings less than *007°. The 
Brace system is, however, rather fragile, and 
its use is not recommended except in work 
requiring the highest obtainable precision.® 

§ (12) Construction and Mechanioad 
Design op Polarimetbrs. Simple Types . — 

' Brace, Phil. Mag., 1903, v. 161 ; Phys.Pev,, 1904, 
xvili. 70 ; Phys. Rev., 1904, xix. 218. 

= Bates, Ann. d. Physik, 1903 (4), xii. 1096. 

' Circl. Bur, Sta., 1918, No. 44, p. 12. 


Since the requirements in polarimetry are so 
varied, it is only to be expected that the 
various types available should be numerous. 
For many purposes, such as urine analysis, an 
accuracy of measurement of -1° is sufficient, 
and a simple instrument such as is shown in 
Fig. 17 is all that is required. The polarising 
system P is connected to a divided circle C 
C 



by means of the bracket B. The analysing 
s.ystem can be rotated by means of the lever 
A, and its azimuth is given by the index arm 
I. The observation tube T rests on suitable 
supports at each end, and the whole instru- 
ment is supported by a tripod stand Y. 

In making an observation, the sodium light 
source S is either focussed on the polariser end 
P or brought as near to it as is possible with- 
out unduly warming the polariser, the tube 
T is filled with water and placed in position, 
the eyepiece R of the observing telescope is 
■either pushed in or drawn out, until a sharp 
image of the separating line of the polariser is 
seen. The arm A is rotated until a position is 
reached when the two fields are equally dark. 
If the index arm I does not then read exactly 
0° or 180°, the procedure is as follows. The 
analysing nicol is mounted in a tube with a 
short arm L fastened to it. This tube again 
in turn fits in the outer tube to which A is 
fixed, and the analyser can be rotated a small 
amount with respect to it by means of thumb- 
screws which bear on L in the manner shown. 
The arm A is moved, therefore, tmtil the index 
arm reads 0, and the thumb-screws turned 
until a match is obtained. The tube T is now 
filled with the hquid to be examined, and in 
general both parrs of the field will appear 
bright. The arm A is again rotated until a 
position of equal darkness is obtained. The 
new reading of the index arm -will give the 
rotation of the substance. 

In some forms the whole instrument can be 
inclined, and clamped in any position by means 
of a swivel joint and bolt. This obviates 
the necessity of raising or lowering the light 
source to suit the instrument. The circle C is 
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generally about 3 in. in diameter and divided 
into degrees ; the possible error in measurement 
is therefore -1° or -2°. When slightly greater 
accuracy is required, a vernier reading to 0-1° 
is engraved on the arm I instead of the single 
fiduciary line, and it is often the practice to 
mount a magnifying lens on this movable 
index arm, ^rith a small mirror attached to it 
that projects . outside the circle and reflects 
on to the scale and vernier enough light from 
the source s to make a reading possible in an 
otherwise darkened room. 

The optical arrangement is shown m Fig. 18. 
The source s being either focussed on or close 
to the aperture A, the latter can be considered 
as the virtual light source. The position and 
focal length of the condenser 0 are chosen so 


case, instead of reversing the one half prism 
as described by Jellett (see § (3)), two small 
natural rhombs are taken, and a section abed 
(Fig. 19) is cut with the long sides ad and be 
parallel to the cleavage edges of the rhomb, but 
with ab and cd making an angle 90° - 6 with 
the principal section EF which contains the 
optic axis of the crystal ; while in the second 
rhomb ab is made to give an angle 90 + 0 with 
EF. When these are joined or cemented to- 
gether with their corresponding faces abed in 
contact, the principal section of the one half 
makes an angle of 20 with that of the other. In 
order to have a sharp separating line, the one 
rhomb is placed a few millimetres behind the 
other so that the single edge ab of the one rhomb 
forms the separating line. The comer G of each 
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that the image of the stop A falls on the 
objective M of the observing telescope. The 
polarising system immediately follows the 
condenser. In the figure the Laurent polariser 
is shown, D being the polarising nicol, and E 
the half-wave plate covering a part of the 
field. In this type of instrument having a 
fixed half - shadow angle, the Cornu - Jellett 
polariser is often employed instead of the 
Laurent. A second diaphragm F limits the 
beam and prevents stray illumination by 
reflection from the sides of the observation 
tube GH. The calcite prisms are difficult to 
clean without scratching ; a thin protecting 
window K' is therefore mounted in the aperture 
F, and a similar one K at J. A low-power 
telescope MN immediately follows the analyser 
L, and this is adjusted to give a clear image 
of the separating line of E in the field of view. 

Since the radiation from a sodium burner 
consists of lines in blue and other parts of the 
spectrum as well as the strong yellow radiation, 
a filter B (Fig. 18) of potassium bichromate is 
placed close to the aperture A. This usually 
consists of either a thin plate (about 1 mm.) 
of potassium bichromate crystal balsamed in 
between two glass cover plates, or a glass cell 
containing a solution of the bichromate in 
water. 

The instrument described above is as 
manufactured by PeUin; in a corresponding 
simple polarimeter of Schmidt and Haensch, a 
Lippich j)olariser with a fixed half -shadow 
angle is employed. 

In the corresponding polarimeter of Belling- 
ham and Stanley, which reads by vernier to 
•05°, the polariser consists either of a Laurent 
plate or a modified Jellett prism. In the latter 


rhomb is ground into a flat surface parallel to 
the line cd, but making a small angle with the 
plane abed. This allows greater latitude in 
adjustment without the extraordinary raj’" 
from G coming into the field of view. This 
polariser forma a single detachable unit that 
can be quickly interchanged. 

The circle is bevelled at 45° to its own plane, 
and the vernier is engraved on another fixed 



circle similarly bevelled. The graduated scale 
and vernier therefore he in the same surface, 
and no parallax error can bo introduced. Since 
this vernier is engraved on a second complete 
circle instead of on a narrow index arm, the 
danger of widening the space between the scale 
and vernier, caused by accidental knocks, is 
considerably lessened. In this instrument the 
vernier is fixed while the circle rotates with the 
analyser. In order to avoid the accidental 
tilting of the instrument, which is liable to 
occur in the type shown in Fig. 17 when the 
thumb-screw of- the swivel w has not been 
sufficiently tightened, the girder connecting 
the polariser and analyser is furnished with 
two bored- holes into either of which the 
upright of the tripod can be placed. The one 
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supports the instrument in a rigid horizontal 
position, and the other inclines the polariser 
end downwards, at an angle of about 15°. 
This instrument has a movable trough, con- 
sisting of tAvo close - fitting circular tubes. 
Except for a narrow portion at each end, 
nearly a half of each tube is cut away, so that 
the tube holding the liquid to be examined can 
be inserted. When tlie inner tube is now 
rotated by a suitable knob through an angle of 
approximately 180°, the observation tube is 
completely enclosed. The chief advantage of 
this kind of trough is that no hinges are 
required ; these often corrode after coming in 
contact with some of the liquids used in polari- 
raetrio analysis. 

The vernier is engraved to road directly to 
•05°. 

§ (13) High Aoottraoy Polarimeters. — 
When an accuracy of -01° is required, several 


Fig. 20. 

changes are necessary, the most important 
being that of eliminating the eccentric error 
in the circle graduation. After the circle 
has been turned, it is usually mounted on 
the spindle of another machine for dividing, 
consequently the common centre of the radial 
graduation lines will not ooinoide with the true 
centre of the circle ivhen a small particle of 
matter is lodged between the spindle and the 
sleeve of the circle. Unless exceptional care 
is exorcised, the error in measuring an angle of 
about 90° may amount to -02°. If two verniers 
are used, mounted approximately at 180° to 
each other, this error is eliminated if the mean 
value of a rotation (as given by each vernier) 
is taken as the true rotation. This will hold 
good for eccentricities up to any likely to 
occur in practice. When the use of the polari- 
meter is not confined to a special purpose, a 
variable half-shadoAV angle becomes almost 
a necessity. Furthermore, it is desirable to 
make the instrument as rigid as possible, and 
since a small change from alignment with the 
light source may cause an appreciable error 


in the measurement, the instrument should 
stand firmly on the table or bench. For these 
reasons it is usual to design the more accurate 
mstruments to liavo trestle mounts with a 
substantial base. Iir addition, the space sur- 
rounding the optical axis of the instrument, 
between the polariser and analyser, should be 
as free as possible, to allow for the interposi- 
tion of electromagnets, thermostats, or electric 
furnaces, as may be required. 

In order to show the mechanical construc- 
tion of a modern accurate polariraeter, the 
construction and sotting of one instrument will 
bo described in detail and the more important 
differences in the design of other manufacturers 
will bo noted. 

(i.) Adam HUger, Ltd . — In the polarimoter 
illustrated in Fig. 20 (made by Adam Hilgor, 
Ltd., London) the half -shadow angle of the 
polariser is varied by means of the small lever 
arm A which moves behind 
a small fixed scale giving 
directly the half -shadow angle; 
by means of the small thumb- 
screw shown, it can be clamped 
in any position. The verniers 
GCt at the analyser end are 
fixed while the circle can be 
rotated with the analysing 
niool. The verniers are ob- 
served by moans of the low- 
power eyepieces MM. 

A monochromatic light 
source is placed in alignment 
with the optical axis of the 
iiistrumont, and in such a 
position that a real image 
of it is formed approximately 
at the analyser. The eye- 
piece N of the low-power observing tele- 
scope is moved in or out until the edges of 
the half Lippioh prisms at the polariser are 
sharply in focus. The circle F is sot at the 
zero position. If the three parts of the field 
are not of equal intensity, the analyser is 
slightly rotated by moans of the thumb-screws 
at L Avhile the circle remains stationary. 

The trough C can bo raised or lowered or 
slightly tilted by means of knurled nuts on the 
screws D.D. If a large observation tube is to 
be used the trough must be correspondingly 
lowered so that the centre of the tube 
corresponds with the optical axis of the 
instrument. 

The observation tube being placed in posi- 
tion, the circle F will have to be rotated to a 
now position before a match of the fields is 
obtained. When this position has been found 
approximately the screw head R is tightened. 
A ring with a projecting arm J fits smoothly on 
a collar that forms an integral part of the 
circle. When R is tightened, this ring, and 
consequently the arm J, is clamped to the circle. 
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The latter can tlierefore be slowly rotated by 
turning the screw K which bears against the 
arm J. When the end of the screw K is moving 
away from J, the latter is kept in contact with 
the screw by pressure of the spring and plunger 
H on the other side. A slow moti&n arrange- 
ment such as the one explained above is practi- 
cally a necessity when settings have to be made 
to within -01°. 

The trough C slides on the pins E for 
centring, and can be quiclrly removed when 
required. If necessary, the liar B connecting 
the polariser and analyser can also be un- 
screwed and removed, as the trestle mounts 
PP are sufficiently rigidly attached to the 
massive iron base S. 

(ii.) BellingLam and Stanley . — In the corre- 
sponding Bellingham and Stanley (London) 
polarimeter special attention has been devoted 
to the illumination of the circle, as shown 
diagrammatically in Fig. 21, The scale and 


i •V 
I I 



verniers are turned conically away from the 
observer, and are illuminated by light from 
the source. A plane mirror sot approximately 
parallel to the face of the vernier and scale, 
as shown, serves to reflect the light into the 
low-power eyepiece M. A similar arrangement 
(not shown in the diagram) is mounted on the 
opposite side so that the eccentric error can 
be eliminated. The scale circle can be rotated 
and set approximately by means of the capstan 
heads PP, the final adjustment being made 
■with a slow motion similar in principle to 
that already described. 

For very accurate work it is necessary to 
have the room in complete darkness, so that 
the condition generally known as the “ dark 
adapted eye ” may be obtained. All the light 
from the source other than that entering the 
polariser must then be screened off, and the 
scale and verniers have to be illuminated 
independently as in other instruments. But 
it is an appreciable advantage of this arrange- 
ment that the graduations do not become 
clouded with moisture from the breath of the 
observer, as the scale is turned away from 
him. When a variable half-shadow polariser 
is required with this instrument, a modified 
Lippich system is supplied instead of the 
J ellett arrangement previously described. Here 


the long rhombs of spar (that form the com- 
ponents of the Jellett prism) are placed in the 
usual positions of the half Lippich prisms, and 
the large nieol is rotated to vary the half -shadow 
angle as ■usual. A circular trough is used 
instead of the V-shaped trough of the Hilger 
instrument ; this can bo quickly removed, and 
two adjustable V-shaped supports can be used 
to hold an observation tube that is either too 
large or too small for the trough. 

(iii.) Schmidt and HaenscJi. — Correspond- 
ing polarimeters of Goerz and Schmidt and 
Haensch (Berlin) are generally similar in 
design to the Hilger instrument described 
above, except that the circles in these instru- 
ments are completely encased so as to keep 
the scales from tarnishing in a chemical 
laboratory. In the Goerz instrument the 
parts PP and S of Fig. 20 are one casting, 
PP being massive iron pillars. 

It is also customary to fit a small circular 
table on the base S, which can be raised or 
lowered as required. 

The largo polarimeter made by Schmidt and 
Haensch at the instance of Landolt has some 
interesting features. The trestle holdmg the 
analyser circle is about two inches thick, so as 
to ensure a smooth -running circle ; the bush in 
wMoh the rotating tube from the circle turns 
is long enough to ensure that there will be 
no sagging of the circle due to the projecting 
weight. The optical axis of the instrument is 
only about 0" above the upper face of the 
base, compared with 9''' as is usual, thus 
making the instrument exceptionally rigid. 
Instead of a single trough, a series of four are 
mounted side by side on a common axis, so 
that any one trough can be quickly brought 
into the optical axis of the instruments. This 
serves for the rapid intercomparison of the 
rotations in two or more observation tubes 
■without the necessity of handling them and 
the consequent temporary rise in temperature. 

§ (14) Speotko-polaeimetbrs. — It is often 
necessary to determine the rotation of sub- 
stances for various wave-lengths that cannot 
be obtamed singly with the same ease as the 
yellow doublet of sodium. In the method 
de'vised by Fizeau and Foucault,^ a sHt is 
placed at the polariser of a simple polarimeter 
(consisting of two Nicol prisms and a graduated 
circle)^ with a prism and telescope. Sunlight 
is used as the light source. The nicols are 
crossed in the absence of the optically active 
material; when the latter is placed in the 
path a spectrum is seen at the telescope. On 
rotating the analyser, a dark band ■will be 
seen to move across the spectrum, and the 
rotation of the substance for a given wave- 
length is given by the amount that the analyser 
has to be rotated until the black band is at the 
position of that wave-length in the spectrum. 

‘ Fizeau et IToucault, ComjJt.JjCTid., 1845, xxl. 1155. . 
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The method has been improved by Lippich ^ 
and others, but it only gives good results when 
the rotatory dispersion is large. 

A convenient method of accurately deter- 
mining the rotatory power of substances for 
different wave-lengths is shown in Fig. 22, 
the arrangement being similar to that used by 
Lowry ^ in his investigation on the rotatory 
dispersion of quartz. The light source S is 
placed at the focal plane of the short focussed 


plane of polarisation is parallel to that of the 
analyser, there is no appreciable reduction of 
intensity on transmission through the analyser. 

It follows, therefore, that in order that these 
radiations may not influence the sensitiveness 
or the position of matching for the particular 
wave-length that is desired, the proportion 
passing through the slit must at most be of 
the order of -1 per cent. Owing to slight 
scattering at the refracting surfaces of the 
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Fig. 22. 


condenser W, which is close to 
the slit A, so that the latter is 
uniformly illuminated. To secure 
brightness of the final imago the 
focal length of the condenser is 
so chosen that the light from S 
(which has a definite magnitude) 
fills the objective B of the col- 
limator, or so much of it as is operative in 
forming the final image. The parallel beam 
emerging from B enters a constant deviation 
jirism C, and tho resulting spectrum is focussed 
at tho slit 11' of the polariser by means of the 
long focussed objective D. The Lippich 


deviating prism, lenses, etc., this spectral 
purity can never be attained in practice. It 
is therefore desirable to use a second spectro- 
scope in tho form of a direct vision prism V 
at the analyser. If, for example, a quartz 
mercury lamp bo used as the source, and it 
is desired to observe the rotation of a substance 
for the green line (5401), this lino is set on 
tho slit h’ of the polariser. When tho analyser 
is rotated to the matching position, and the 
slits F being narrow, tho green band as seen 
through N will bo aoeompanied by slightly 
fainter bands of yellow and violet. When a 
rotatory dispersive medium is placed between 
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Fig. 23. 


1^ B 

I i 



Vs 


polariser NjNj, which is usually 
of tho three-field type, is ar- 
ranged so that the separating 
lines are horizontal. G and H 
are glass protedting covers for 
the polariser and analyser 
nicols. 

When the fields are matched 
with a half - shadow angle of 
l|-°, tho intensity of illumina- 
tion is only about •! per cent of the intensity 
when the polariser and analyser are parallel 
(theoretically it is -00 per cent, but a slightly 
higher percentage is transmitted owing to the 
almost inevitable elliptic polarisation in the 
light when it reaches tho analyser). When 
an active substance is placed in the tube, the 
planes of polarisation of other wave-lengths 
may lie in azimuths considerably different 
from that of the analyser, so that the latter 
only reduces their intensities slightly. In the 
extreme case of a particular wave-length whose 

^ Llppicli, Wien. Sitzungsber., 1882 (II.), Ixxxv. 307. 

“ Lowry, Phil. Trans., 1012, ccxll. 201. 


the polariser and analyser, these may become 
so important as to prevent an accurate reading 
of the rotation of the green ray, as described in 
general terms above. 

One of the writers has found that somewhat 
better results are obtained with an arrange- 
ment as shown in Fig. 23. Here the light 
source S is focussed on the slit A by means 
of the condenser W, and the light of a partioular 
wave-lengtli emerging from tho prism C is 
focussed by means of the lens I) on the 
objective 0 of the observing telescope (the 
usual condition of illumination in polarimetry). 
The whole of tho field at F is uniformly 
illuminated, and the slit can bo opened until 
the yellow and green bands (supposing a 
mercury light source is used) as seen with the 
direct vision prism nearly overlap. 

The diaphragm Q in Figs. 22 and 23 serves 
to eliminate the effects of internal reflection 
in the observation tube. 

The mechanical construction of the spectro- 
polarimeter, made by Adam Hilgor, Ltd., can 
be seeq from Fig, 24, The monochromator. 
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polariser, and analyser form separate units 
that can be clamped in any position along 
the girder bed. In the illustration they are 
arranged for a trough to take observation 
tubes up to 100 cm. long. The drum of the 
monochromator has a long rod attached to 
it so that variou.s wave-lengths can be set from 
the analyser end. While it is not absolutely 
necessary, it is best to use a direct vision 
prism that does not greatly deviate the par- 


as the light source. The small aperture 
diaphragms are removable so that the instru- 
ment can also be used for ordinary polariraetry, 
where the supply of a substance is sufficient 
for the usual observation tubes. 

(ii.) Diabetometer . — When the total rotation 
of the substance is small it is possible to 
dispense with the circle and yet be able to 
measure a rotation accurately. In the dia- 
betometer of Yvon, as made by Ph. Pellin 


Pio. 24. 



tioular wave-length that is employed; thus 
a sot of three interchangeable prisms giving 
direct vision for the red, green, and violet 
respectively are required for a complete ex- 
amination of the rotation of a substance over 
the whole visible spectrum. 

In a spectro-jjolarimeter of Bellingham and 
Stanley, the light source is placed directly 
above the prism (no collimator and slit being 
used), whilst in the Schmidt and Haensch 
instrument a direct vision spectro- 
scope is mounted with a second 
sht, at the focal plane of the con- 
denser in the polariser head. 

§ (15) PoLARIMBTERS BOR 

Special Purposes, (i.) Micro- 
polarimeter . — When it is neces- 
sary to find the rotation of 
substances that can only bo 
obtained in small quantities, 
diaphragms are mounted at both 
F and J {Fig. 18) so as to limit 
the beam. The tube into which 
the substance is placed has often 
to be a capillary tube of about 1 mm. diameter. 
In the instrument made by Schmidt and 
Haensch the diaphragms at F and J have, 
therefore, apertures slightly less than this, in 
order to avoid possible reflections from the 
walls of the tube. As the field of view is so 
small (it is not practicable greatly to increase 
the magnification of the observing telescope 
without making the field too faint for accurate 
setting) it is best to use a two-field Lippich 
polariser, the separating line of the half 
Lippich prism always bisecting the field what- 
ever size diaphragms are used. This instrument 
is fitted with a direct vision spectroscope (as 
described above), with a Nernst lamp attached 


(Paris), the analysing nicol is mounted in the 
tube A {Fig. 26). When the screw D is turned 
by means of the divided drum E, the part B, 
being engaged to the screw, is rotated about 
the centre of A. The block 0 is merely to 
prevent E from turning too easily, as the screw 
will have to move this backwards and forwards 
against the frictional pressure of the spring. 

The scale on the drum is gradu- 
E ated so as to give directly the 
J number of grammes per litre 
of sugar or glucose in diabetic 
urine, allowance being made for 
the addition of 10 per cent (by 
volume) of subacetate of lead 
needed for clarification. 

§ (IG) Light Sources for 
POLAEIMETRIO WORK. — As 
sources of sodium light a very 
labge number of lamps have 
been designed. For most pur- 
poses it is sufficient to use a 
piece of fused borax on the 
grid of a Meker-Bunsen burner; 
in many commercial lamps, the salt is con- 
tained in a platinum boat, and especially 
when a coal gas - oxygen flame is used, 
the intensity is considerably greater. The 
Bureau of Standards found that for an intense 
sodium light source it is best to feed some 
form of fused NaaCOg into an oxy-hydrogen 
flame. The borax must not be allowed to melt 
too quickly, otherwise a reversal of the fines 
is obtained. For precision work, the Na lines 
must be regarded as an inferior source, since, 
although the separation of the lines (C A.) is 
too great to consider the doublet as a homo- 

' Gird. l^ur. Standards, 1918 (2nd cd,), No. 44, 
p. 15. 
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The method has been improved by Lippich ^ 
and others, but it only gives good results when 
the rotatory dispersion is large. 

A convenient method of accurately deter- 
mining the rotatory power of substances for 
different wave-lengths is shown in Fig. 22, 
the arrangement being similar to that used by 
Lowry ^ in his investigation on the rotatory 
dispersion of quartz. The light source S is 
placed at the focal plane of the short focussed 


plane of polarisation is parallel to that of the 
analyser, there is no appreciable reduction of 
intensity on transmission through the analyser. 

It follows, therefore, that in order that these 
radiations may not influence the sensitiveness 
or the position of matching for the particular 
wave-length that is desired, the proportion 
passing through the slit must at most be of 
the order of •! per cent. Ovung to shght 
scattering at the refracting surfaces of the 
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Fig. 22. 


condenser W, which is close to 
the slit A, so that the latter is 
uniformly illuminated. To secure 
brightness of the final image the 
focal length of the condenser is 
so chosen that the light from S 
(which has a definite magnitude) 
fills the objective B of the col- 
limator, or so much of it as is operative in 
forming the final image. The parallel beam 
emerging from B enters a constant deviation 
prism 0, and the resulting spectrum is focussed 
at the slit F of the polariser by means of the 
long focussed objective D. The Lippich 


deviating prism, lenses, etc., this spectral 
purity can never be attained in practice. It 
is therefore desirable to use a second spectro- 
scope in the form of a direct vision prism V 
at the analyser. If, for example, a quartz 
mercury lamp be used as the source, and it 
is desired to observe the rotation of a substance 
for the green line (5461), this line is set on 
the sht F of the polariser. When the analyser 
is rotated to the matching position, and the 
slits F being narrow, the green band as seen 
through N will be accompanied by slightly 
fainter bands of yellow and violet. When a 
rotatory dispersive medium is placed between 
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polariser which is usually 

of the three-field type, is ar- 
ranged so that the separating 
lines are horizontal. G and H 
are glass protecting covers for 
the polariser and analyser 
niools. 

When the fields are matched 
with a half - shadow angle of 
the intensity of illumina- 
tion is only about •! per cent of the intensity 
when the polariser and analyser are parallel 
(theoretically it is -06 per cent, but a slightly 
higher percentage is transmitted owing to the 
almost inevitable elliptic polarisation in the 
light when it reaches the analyser). When 
an active substance is placed in the tube, the 
planes of polarisation of other wave-lengths 
may lie in azimuths considerably different 
from that of the analyser, so that the latter 
only reduces their intensities slightly. In the 
extreme case of a particular wave-length whose 

^ Lippich, Wien. Sitzungsber., 1882 (II.), Ixxxv. 307. 

* Lowry, Fhxl, Trans., 1912, ccxii. 261. 


the polariser and analj'ser, these may become 
so important as to prevent an accurate reading 
of the rotation of the green ray, as described in 
general terms above. 

One of the writers has found that somewhat 
better results are obtained with an arrange- 
ment as shoAvn in Fig. 23. Here the light 
source S is focussed on the slit A by means 
of the condenser W, and the light of a particular 
wave-length emerging from the prism C is 
focussed by means of the lens D on the 
objective 0 of the observing telescope (the 
usual condition of illumination in polarimetry). 
The whole of the field at F is uniformly 
illuminated, and the slit can be opened until 
the yellow and green bands (supposing a 
mercury light source is used) as seen with the 
direct vision prism nearly overlap. 

The diaphragm Q in Figs. 22 and 23 serves 
to eliminate the effects of internal reflection 
in the observation tube. 

The mechanical construction of the spectre - 
polarimeter, made by Adam Hilger, Ltd., can 
be seen from Fig. 24. The monochromator. 
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jjolariser, and analyser form separate units 
that can be clamped in any position along 
the girder bed. In the illustration they are 
arranged for a trough to take observation 
tubes up to 100 cm. long. The drum of the 
monochromator has a long rod attached to 
it so that various wave-lengths can be set from 
the analyser end. While it is not absolutely 
necessary, it is best to use a direct vision, 
prism that does not greatly deviate the par- 


as the light source. The small ajierturo 
diaphragms are removable so that the instra- 
ment can also be used for ordinary polarimetry, 
where the supply of a substance is sufficient 
for the usual observation tubes. 

(ii.) Diabetometer . — When the total rotation 
of the substance is small it is possible to 
dispense with the circle and yet be able to 
measure a rotation accurately. In the dia- 
betometer of Yvon, as made by Ph. PeUin 



Fig. 24. 


ticular wave-length that is employed; thus 
a set of three interchangeable prisms giving 
direct vision for the red, green, and violet 
respectively are required for a complete ex- 
amination of the rotation of a substance over 
the whole visible spectrum. 

In a speotro-polarimeter of Bellingham and 
Stanley, the light source is placed directly 
above the prism (no collimator and slit being 
used), whilst in the Schmidt and Haensch 
instrument a direct vision spectro- 
scope is mounted with a second 
slit, at the focal plane of the con- 
denser in the polariser head. 

§ (15) PoLARJMBTEnS FOR 

Special Ptjeposhs. (i.) Micro- 
polarimeler . — ^Whon it is neces- 
sary to find the rotation of 
substances that can only be 
obtained in small quantities, 
diaphragms are mounted at both 
F and J {Fig. 18) so as to limit 
the beam. The tube into which 
the substance is placed has often 
to be a capillary tube of about 1 mm. diameter. 
In the instrument made by Schmidt and 
Haensch the diaphragms at F and J have, 
therefore, apertures slightly less than this, in 
order to avoid possible reflections from the 
walls of the tube. As the field of view is so 
small (it is not practicable greatly to increase 
the magnification of the observing telescope 
without making the field too faint for accurate 
setting) it is best to use a two-field Lippich 
polariser, the separating line of the half 
Lippich prism always bisecting the field what- 
ever size diaphragms are used. This instrument 
is fitted with a direct vision spectroscope (as 
described above), with a Nernst lamp attached 


(Paris), the analysing nicol is mounted in the 
tube A (Fig. 25). When the screw D is turned 
by means of the divided drum E, the part B, 
being engaged to the screw, is rotated about 
the centre of A. The block C is merely to 
prevent E from turning too easily, as the screw 
will have to move this backwards and forwards 
against the frictional pressure of the spring. 

The scale on the drum is gradu- 
ated so as to give directly the 
number of grammes per litre 
of sugar or glucose in diabetic 
urine, allowance being made for 
the addition of 10 per. cent (by 
volume) of subacetate of lead 
needed for clarification. 

§ (16) Light Sotjroes for 

POLARIMETRIO WORK. As 

sources of sodium light a very 
lalgo number of lamps have 
been designed. For most pur- 
poses it is sufficient to use a 
piece of fused borax on the 
grid of a Meker-Bunsen burner; 
in many commercial lamps, the salt is con- 
tained in a platinum boat, and especially 
when a coal gas - oxygen flame is used, 
the intensity is considerably greater. The 
Bureau of Standards found ^ that for an intense 
sodium light source it is best to feed some 
form of fused NaaCOg into an oxy-hydrogen 
flame. The borax must not be allowed to melt 
too quickly, otherwise a reversal of the lines 
is obtained. For precision work, the Na lines 
must be regarded as an inferior source, since, 
although the separation of the lines (6 A.) is 
too great to consider the doublet as a homo- 

1 Cirel. JBur. Standards, 1918 (2nd ed.), No. 44, 
p. 15. 
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geneous source, yet the lines are too close 
for convenient spectroscopic separation. 

The green line of mercury (5461 A.) forms a 
very suitable light source for spectro-polari- 
metric Avork. Although this line has a com- 
plex structure when analysed by means of 
an echelon grating or other high resolving 
apparatus, the difference in wave-length be- 
tween its extreme satellites is less than -4 A., 
fifteen times less than the separation of the 
two sodium lines, and it is found that it can be 
regarded as homogeneous for rotations as 
great as 250°. If a quartz mercury-vapour 
lamp of the type manufactured by the Westing- 
house Coop)er-Hewitt Co. is used, this source 


unfortunately no reliable cadmium vapour 
lamp has yet been put on the market. 

§ (17) Observation Tubes. — The simplest 
form of polarimeter tube is shown in the left- 
hand part of Fig. 26. It consists of a straight 
tube of glass of an internal diameter of about 
10 mm. and with walls about 2 mm. thick. 
The ends are ground to the correct length, 
and should be parallel to within a minute 
of arc. The ring C, the outside of which is 
threaded, is cemented on the glass tube, so 
that the latter projects slightly. The end cap 
D screws on the ring C, and this carries the 
end plate or cover glass G. In order that 
the plate should be hold evenly against the 



is of great intensity, and can be used inde- 
finitely with little or no attention ; although 
its radiations are, owing to the higher pressure, 
not so homogeneous as those of the glass tube 
lamps of the same company. The violet 
line of mercury, though not so prominent, can 
be successfully employed ; the yellow lines 
cannot be so readily used, 'since here we are 
confronted with the same difficulty as in the 
case of the sodium doublet, a separation of 
only 21 A. The most useful lines are therefore 
6461 (green) and 4359 blue (the blue -green 


end of the glass tube, a soft rubber washer R 
is placed between the plate and the face of 
the end cap. 

Unless the tube is very carefully filled a 
small bubble of air is loft in the tube, which 
often materially obstructs the path of the 
beam. This difficulty was overcome by 
Schmidt and Haensoh (Beiiui) by enlarging 
one end of the tube as shown on the right-hand 
side of Fig. 26. The bubble rises to the top of 
the enlargement S, which is outside the direct 
path of the beam. The same purpose is 



4916 is only about half the intensity of the other 
fines and does not prove very satisfactory). 

Lowry ^ has suggested that, in addition to 
the sources and fines mentioned above, the 
following lines are useful for spectro-polari- 
metry : the lithium red 6708 and the cadmium 
lines 6438 (red) and 5086 (green). The lithium 
fine is obtained as in the case of the sodium, a 
small oxy-hydrogen flame being used if great 
brightness is required, whUe the cadmium fines 
are given by a rotating arc. The electrodes are 
made of 28 per cent cadmium and 72 per cent 
silver, and are rotated in opposite directions at 
a speed sufficiently high to prevent flickering. 
A more convenient cadmium source is the 
cadmium vapour lamp of Sand,- a modification 
of which has been suggested by Bates,® but 

^ LoAVry, Phil. Mag., 1909, xviH. 320. 

“ Sand, Proo. Phys. Soc., 1915-16, xxvlll. 94. 

* Bates, Sci. Paper Bur. Sta., 1920, No. 371. 


effected in the tubes of Bellingham and Stanley 
(London) by blowing a small bubble or en- 
largement at the centre of a straight tube. 

The cement with which C is fastened to the 
tube often becomes loose in time, and the screw- 
ing of the end cap tends to draw the ring over 
the end of the tube, virtually lengthening the 
column of liquid and so introducing an error 
in the rotation per unit length. In order to 
avoid this Neumann * has designed the tube 
shown in Fig. 27. Both ends of the tube 
are ground conically. The ring T is ground 
to fit the cones of the tube exactly, and is 
placed in position by splitting the rings along 
SS. Another ring B is screwed up as shown 
and serves to keep the split ring tightly 
clamped to the cone of the tube. The ends 
A are then ground to the correct length and 
parallel, the end cap K and the cover glass 
“ Neumann, Chem. Zeitung, 1913, No. 61. 
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D being the same as in the ordinary tube. 
The great advantage of this type of tube is 
that it can be used with ether, alcohol, chloro- 
form, benzol, zylol, etc., which attack the 
cement in many of the ordinary tubes. The 
tube can be made of fused silica or porcelain 
and used for high temperature work in an 
electric furnace, when the cement of the 
ordinary tube would melt. It is made by 
Schmidt & Haensch (Berlin). 

In very accurate work, it is necessary that 
the temperature of the substance should be 
uniform and that it should be accurately 
known, since rotatory power is a function 
of the temperature. The most convenient 
way of doing this is to surround the tube 
with another metal tube having small side 
tubes in it that can be connected to a thermo- 
stat. The better made water- jacketed tubes, 
as they are called, have baffles mounted be- 
tween the outer and inner tube, so that the 
flow of the water should be helical and envelop 
the inner tube. An, opening in the middle of 


wheel in a circular box, any one of Avhich can 
be brought in line with the optical axis of the 
polar’imeter. The tubes are electrically heated 
and the temperature can be kept constant at 
37° C. by means of a rheostat. 

§ (18) Applications op Polammetey. — 
The property of optical rotation is of prime 
importance in organic chemistry. The work 
of Pasteur (1848) showed that substances 
otherwise identical can exist in a right-rotating, 
left -rotating, and inactive form. Later he 
introduced the conception of molecular 
assymetry, which led van’t Hoff and Le Bel 
(both in 1874) to the discovery that optical 
activity always indicated assymetric dis- 
tribution of the carbon valencies in the 
molecule. The further developments of this 
theory are fully dealt with in text-books on 
stereochemistry. Wilhelmy in 1850 used the 
polarimeter to measure the rate of inversion 
of cane sugar, and employed the results 
as a basis for the first correct mathematical 
treatment of the velocity of a chemical reaction. 
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the inner tube (see Fig. 28) provides for the 
insertion of a sensitive thermometer, the rota- 
tion not being measured until the temperature 
has become steady. 

When rotations have to be determined for 
temperatures below the dewpoint of the 
atmosphere, the end plates must be protected 
against the condensation of moisture. Wiley ^ 
employed a second cap made of some non- 
conducting material such as hard rubber ; 
the air-space in between the two cover glasses 
contain some desiccating substance. 

The jacketed tube is not very satisfactory 
for use at comparatively high temperatures 
owing to the fall of temperature along the tube 
due to conduction, etc. It is then preferable 
to have the tube in a thermostat mounted 
between the polariser and analyser.® 

The measurement of rotation in fermenting 
liquids (for biochemical work) has to be 
carried out at 37° C. Abderhalden,® in 
conjunction with Schmidt and klaensch, has 
evolved an ingenious arrangement whereby 
six small tubes are mounted on a horizontal 

^ Wiley, Journ. Amer. Chem. Soo. , 1890, xviii. 81. 

® Paul, Zeitschr. phys. Chem., 1916, xci. 745. 

“ Abclerhalden, Hoppe-Seyler a Zeits. filr physiolog. 
Chem., 1913, Ixxxiv. 300. 


The polarimeter is extensively used in 
analytical chemistry for quantitative deter- 
minations. In this connection, the term 
specific rotation, introduced by Biot, Is 
employed. By this term is meant the angle of 
rotation caused by a length of 10 cm. of a 
solution containing 1 grm. of active substance 
per c.c. This will varry with the wave-length 
used and with' the temperature, and is 

20 ® 

designated by the abbreviation > which 

indicates the specific rotation of a substance 
at 20° C. using the yellow (D) lines of sodium 
as a light source. 

It then follows that [ajn = ajl x c, where a 
is the observed rotation and c the number of 
grammes of the substance per c.c. of solution, 
[a] varies not only with the wave-length and 
temperature, but also with the concentration, 
the relationship being somewhat complex ; for- 
tunately the variation is usually small, and 
need only be taken into consideration in accu- 
rate work such as the determination of sugars. 
Knowing the specific rotation, the polarimeter 
can be used for a large number of analytical 
determinations, such as the estimation of the 
alkaloids, camphors, and essential oils. Rosin 
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or castor oil may be detected m mineral oils 
by their optical activity. 

The use of the instrument is not necessarily 
confined to the determination of optically 
active substances ; a large number of inert 
substances exert a powerful influence on the 
rotatory power of active solutions. Thus 
acetone or boric acid can be determined in 
solutions ‘of tartaric acid of known strength. 
The solvent used to dissolve an optically 
active substance has considerable influence on 
the rotatory power of the latter, and this 
property will very likely be capable of many 
new analytical applications in the near future. 

The instrument forms a useful tool for the 
study of fermentation and other problems in 
biochemistry. jj. w. 

S’. T. 

Polarisation, Plane of : the plane of 
incidence of a polarised ray upon a reflecting 
surface when the reflected ray is of maximum 
intensity. According to the electromagnetic 
theory of light, the plane of polarisation is 
at right angles to the direction of the 
electric force and jiarallol to the direction 
of the magnetic force in the wave front. See 
“ Polarised Light and its Applications,” 
§( 2 ). 

Polarisation of Light, Plane, Cieoular, 
and .Elliptioal. See “ Polarised Light and 
its Applications.” 

Polarisation Photometers. See “ Photo- 
metry and Illumination,” § (30). 

Polarisation Speotrophotombters : insti’u- 
ments in which the brightness match is 
obtained by the rotation of a polarisation 
device. See “ Spectrophotometry,” § (12). 

PoLARisooPE, Tourmaline. See “ Polarised 
Light and its Applications,” § (9). 

POLARISED LIGHT AND ITS 
APPLICATIONS 

§ (1) Introduction. — Fresnel’s original con- 
ception of the disturbance producing the sen- 
sation of light was, briefly, a train of waves 
propagated by vibrations of ether particles 
taking place in all directions perpendicular 
to the direction of propagation of the disturb- 
ance. Later, ho modified this conception to 
obviate the mechanical objection to two 
adjacent particles moving in totally different 
directions, and ho postulated a vibration at 
any given moment of all particles along 
parallel lines, but with so rapid a change in 
the common direction of motion that a period 
of vibration in any one direction cannot be 
isolated in the analysis of a beam of ordinary 
light. Under special conditions, however, the 


vibrations may bo restricted in such a way that 
any one particle continues to describe the 
same path, whether it bo linear, circular, or 
elliptical, and all the particles affected by the 
disturbance describe exactly similar 2 iaths. 
It is this restriction of vibration that is known 
as the polarisation of light. 

§ (2) Disoovery of Fundamental Pheno- 
mena. — Two and a half centuries ago 
Erasmus Bartolinus discovered the power of 
a crystal of Iceland sjjar to resolve a beam of 
ordinary light into two separate rays ; twenty 
years later Huygens repeated his work, and 
found that two rays were produced unless the 
light was travelling parallel to the crystallo- 
graphic axis of the crystal, and, moreover, 
that each ray could again be subdivided by 
its passage through a second crystal unless 
tlie latter was orientated in one of four 
definite directions relative to the first crystal. 
In that case the two rays were transmitted 
without further division. A few years later 
Newton confirmed these observations, but 
still no explanation was fox-thcoming, although 
both these pioneers recognised the fundamental 
jxroiierty of polarised light, namely, its asym- 
metry about its direction of propagation. 
“ Have not,” wrote Newton, “ the rays of 
light several sides endued with several original 
jiroperties ? ” 

Early in the nineteenth century Malus 
made the chance discovery that light reflected 
from glass possessed in jiart the characteristics 
of rays emerging from a calcito crystal, and 
that those characteristics became most marked 
for a definite angle of reflection. Experiment- 
ing later with light reflected from other 
surfaces, ho found that this hold good for all 
reflecting surfaces other than metals, but 
that the angle producing the maximum result 
varied with each individual substance. En- 
deavouring to find an explanation for these 
facts, he rejected the wave tlioory of light as 
offering no possible solution ; at that time 
Young’s longitudinal vibration theory had 
not yet been superseded by Fresnel’s more 
far-reaching transverse vibration theory, and 
obviously the former could give an even less 
satisfactory explanation than could the older 
corpuscular theory of Newton. Malus con- 
cluded that the phenomena must bo due to 
some induced property of the corpuscles 
transmitting light rays, comparable with a 
magnetic or electric charge, and producing in 
the light a definite bias or “ polarity,” and 
this gave birth to the title of “ polarisation,” 
which has sur’vived the destruction of the theory 
to which it owes its origin. The grouj) of 
workers responsible for leading the explanation 
along new theoretical lines included Young, 
Fresnel, Arago and Brewster, who suggested 
and elaborated a theory of polarisation based 
on a wave theory of light. Nevertheless, 
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although his ellorts at explanation did not 
stand the test of time, Malus accumulated a 
mass of results from minute and accurate 
observation on the behaviour of polarised 
light which furnished conclusive evidence for 
the law which bears his name. 

The asymmetry of a ray polarised by reflec- 
tion becomes very evident when the ray 
suffers reflection from a second surface, and 
Malus found that the intensity of the flnal 
ray was dependent upon the plane of incidence 
at the second surface. He attributed to each 
ray a plane passing through its path which 
bore a definite relation to its asymmetric 
properties ; this he called the Plane of Polarisa- 
tion of the ray, and defined it as the plane of 
incidence of a polarised ray upon a surface 
when the reflected ray was of maximum 
intensity. The angle of reflection from a 
surface for which the polarisation of the hght 
was most complete he termed the Angle of 
Polarisation. His Law of Polarisation could 
then be stated as follows : 

When a ray of light polarised by reflection at 
one surface falls upon a second surface at the 
angle of polarisation, the intensity of the twice- 
reflected ray varies as the square of the cosine 
of the angle between the two planes of reflection. 

The foundations of the theory of polarisation 
which holds to the present time were laid by Young 
and Fresnel in their conception of light transmission 
by transverse wave motion. Fresnel saw the im- 
mediate application of the conception to the case of 
polarised light, and suggested the restriction of the 
vibrations to a definite unchanging path at right 
angles to the direotion of propagation. Accepting 
his hypothesis, we shall for the moment consider 
only light whoso vibrations are linear and take place 
in one definite direction. To this has been given the 
name of Plane Polarised Light. 

A crucial tost of Fresnel’s theory lay in the in- 
vestigation of the behaviour of two plane polarised 
rays under conditions which might be expected to 
produce interference. Fresnel and Arago carried 
out this work, and their results added evidence in 
favour of the wave motion hypotliesis, and led to the 
establishment of the following five laws governing 
the interference of polarised rays, known as the 
Fresnel-Arago Laws: 

1. Two rays polarised in the same plane interfere 

with each other under the same conditions as 
for ordinary light. 

2. Two rays polarised at right angles to one another 

do not interfere under these conditions. 

3. Two rays polarised at right angles, if obtained 

from unpolarised light, may subsequenfly be 
brought into the same plane of polarisation 
without acquiring the power of interference. 

4. Two such rays derived from plane polarised 

light will, under the same conditions, show 
interference. 

6. In the latter case a phase difference of rr, 
equivalent to half a wave-length, must be 
added to the estimation of the path difference. 

At about the same time Brewster deduced 


from experimental data another law govern- 
ing the size of the angle of polarisation. 
BrewstePs Law may be expressed simply in 
the statement that the tangent of the angle 
of polarisation is equal to the index of refrac- 
tion of the reflecting substance. Prom this 
it follows that at the polarising angle the sum 
of the angles of incidence and refraction is 
90°, or that the reflected ray is perpendicular 
to the refracted ray, and that when light 
travelling in a medium is polarised by I’eflec- 
tion from the bounding air-surface of the 
medium the refractive index is the cotangent 
of the polarising angle. Evidently, therefore, 
the polarising angle will vary with the wave- 
length of the light used. With most substances 
the dispersion is too low to show the effects of 
this law, but with substances of very high dis- 
persive power, such as nitroso-dimethyl-aniline, 
the effect is visible in the distinct coloration 
of the image of a white source of light, and in 
the variation of the colour with the angle of 
incidence. 

By the examination of light polarised by 
refraction through a crystal or by reflection at 
a glass surface various definite facts were 
deduced. The two rays emergiug from a 
crystal of calcit© were found to be polarised 
with their planes of polarisation parallel and 
perpendicular respectively to the plane 
containing the incident ray and the crystal- 
lographic axis. The ray reflected from a 
polished non-metallio surface was polarised in 
the plane of incidence and the refracted 
portion was partially polarised in a perpen- 
dicular plane. After a second refraction at the 
polarising angle the percentage of polarised 
light in the refracted ray was increased, while 
again the reflected ray was wholly polarised 
in a perpendicular plane, and this process 
could be repeated at any number of surfaces 
until the final refracted beam contained no 
appreciable amount of unpolarised light. 
These facts are capable of simple explanation 
on the wave theory of light propagation. 

§ (3) Explanation on Wave Theouy.— A 
transverse vibration in any direction may be 
resolved into two component vibrations at 
right angles in the same plane ; moreover, it 
can be shown that an elliptical or circular 
vibration can be resolved into two simultane- 
ous linear vibrations at right angles to each 
other differing in phase. It may be supposed 
that a crystal such as calcite has an inherent 
power of resolving light vibrations in this way ; 
a separation of the two rays would be effected 
if we suppose that the one set of vibrations 
possesses a different rate of propagation 
through the crystal from that of the perpen- 
dicular set. This subject will be investigated 
more fully a little later in the general discus- 
sion of the behaviour of crystals in trans- 
mitting light. Turning now to the question 
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of polarisation by reflection, tlie wave theory 
supplies an equally simple explanation. When 
a beam of light meets a fiat surface of a 
transparent medium, part of the light is 
reflected, but the greater part is transmitted. 
If in a ray of light incident on a surface at the 
polarising angle the vibrations are resolved 
into directions parallel and perpendicular to 
the plane of incidence, the polarised reflected 
ray can be regarded as derived from the 
reflection of part of the component whose 
vibrations are perpendicular to this plane. 
No part of the component in the plane 
appears in the reflected ray. The refracted 
light then consists of the remainder of tlie 
perpendicular component together with all 
the light vibrating in the plane of in- 
cidence, and the preponderance of vibrations 
in the latter direction causes the refracted 
beam to appear partially polarised in the 
corresponding sense. On a second reflection 
the degree of polarisation of the refracted ray 
is increased by a repetition of the same process, 
while the reflected light again consists of 
vibrations perpendicular to the plane of 
incidence, and reinforces the beam reflected 
at the first surface. Each additional surface 
augments this double process of reflection 
and refraction until the final refracted ray 
is deprived of all vibrations perpendicular to 
the plane of incidence, and consists wholly of 
vibrations talcing place in this plane. 

§ (4) Relation between Plane oe Polar- 
isation AND DiREOTION OE VIBRATION. — So 
far no definite relationship has been established 
as existing between the plane of polarisation, as 
defined by Malus, and the plane in which the 
vibrations take place. Various investigators 
have assumed the alternate possibilities of the 
parallelism or pocpendioularity of these planes. 
Fresnel, to whom we owe so much of our 
knowledge in this branch of Optics, assumed 
as a basis for his mathematical investigations 
that the vibrations wore perpendicular to 
the plane of polarisation : M'Cullagh, on the 
other hand, deduced as a consequence of his 
theory that the vibrations wore in Malus’s 
plane of polarisation. At the present time the 
electromagnetic theory indicates the existence 
of vibratory motion in both pianos; the 
elootrio force is perpendicular to the plane of 
polarisation, the magnetic force is in that 
plane, and both these are concerned in the 
transmission of the light. 

Stokes, working on the olastio solid theory, pro- 
duced his Dynamical Theory of DifEraotion,^ wherein 
ho arrived at a result which could bo employed as 
a criterion of the actual vibration direction in plane 
polarised light. He showed theoretically that, 
if plane polarised light is diffracted, each diffracted 
ray is also piano polarised, and further, that if tlio 
piano of polarisation of the incident ray is inclined 

* itf alhematical and Physical Papers, 1001, il. 


successively at regularly increasing angles to the 
plane of diffraction, the pianos of polarisation of 
tlie corresponding diffracted rays are crowded 
together towards the plane of diffraction or towards 
a perpendicular plane according as the vibrations 
are parallel or perpendicular to the plane of polarisa- 
tion. Experiment with finely ruled gratings sliowed 
that the latter effect is produced, which indicates 
the correctness of Fresnel’s hypothesis. 

Another suggestive experiment was carried out 
by Tyndall. A ray of polarised light was passed 
longitudinally through a tube containing very fine 
particles in suspension. If the vibrations of the beam 
were confined to one plane, say the vertical plane, 
the beam would possess no energy capable of pro- 
ducing horizontal vibrations. It has been shown 
that the intensity of plane polarised light scattered 
by fine particles is zero in the direction parallel to 
the vibrations of the light ; consequently, there 
would in this case he no scattered light visible in 
the vertical direction ; the vertical vibrations would, 
however, render scattered light visible in the hori- 
zontal direction perpendicular to the axis of the tube. 
Using light polarised in the horizontal piano, Tyndall 
found that scattered light was visible only in a hori- 
zontal direction, which may be taken as an indication 
that the vibrations in a plane polarised ray are per- 
pendicular to its piano of polarisation. 

§ (6) Double REii-RAOTiON. — It will be con- 
venient at this point to consider the general 
behaviour of crystals in transmitting light, as 
upon this wo are dependent to a groat extent 
for the production, analysis, and technical 
api)lioations of polarised light. 

A substance in the crystalline state differs 
from an ordinary isotropic medium in that 
many of its properties may vary in different 
directions. All crystals can be referred to 
definite systems of crystallographic axes,‘^ and 
are divided into classes according to the 
relative length and inclination of these axes. 
In its natural form the shape of a crystal is 
governed by the character of the axes, which 
determine the size of the angles contained 
by all possible crystal faces, and just as 
the morphology of a crystal varies along 
the different axial directions, so there is a 
corresponding variation in other physical 
properties, mechanical, thermal, electrical, 
magnetic, and optical. In short, a crystal is 
possessed of a definite molecular structure on 
which depend the physical properties along 
any definite direction. In the most regular 
system, the cubic, the three axes are all equal 
and perpendicular, and the optical properties 
are constant in all directions, but in other 
systems, as the relation between the crystallo- 
graphic axes becomes more complex and less 
regular, corresponding variations appear in 
all physical properties. 

It has already been noted that the property 
of double refraction in Iceland spar was 
discovered as early as 1670, and later Huygens 
and others established definite facts connected 
‘ Sec “ Crystallography,” § (4), etc. 


POLARISED LIGHT AND ITS APPLICATIONS 


493 


with this phenomenon. A ray of light in | 
passing through a calcite crystal is in general 
divided into two perpendicularly polarised 
rays, only one of which obeys the laws of 
ordinary refraction. They are termed re- 
spectively the ordinary and extraordinary raya, 
and they travel along slightly different paths, 
the separation between them varying with 
their inclination to the crystallographic axes, 
and becoming zero when the light travels 
along a definite direction in the crystal known 
as the Optic Axis. All doubly refracting 
crystals may be classified as vniaxial or 
biaxial according to the presence in the' 
crystal of one or of two directions along which 
there is no separation of a refracted ray. 
Since the case of uniaxial crystals is very 
much simpler, wo shall deal first with that 
alone ; moreover, this class is of the greater 
importance in optical work, as it includes the 
two crystalline media most commonly used, 
namely, quartz and calcite. 

§ (6) Uniaxial Crystals. — The separation 
of the rays produced by refraction indicates 
the existence of two values of the refractive 
index of the crystal for rays polarised in two 
perpendicular planea If the direction of 
the incident ray is varied it is found that the 
refractive index corresponding to the ordinary 
ray is constant for all directions through the 
crystal, while that for the extraordinary ray 
varies, reaching extreme values parallel to 
the optic axis, when the index is that of the 
ordinary ray, and perpendicular to the axis. 
It can be shown, too, that the ordhiary ray 
is always polarised in the principal plane, 
that is to say, in the plane containing the 
refracted ray and the optic axis, so that its 
vibrations are always perpendicular to the 
optic axis, while the extraordinary ray is 
polarised in the plane at right angles to the 
principal plane. 

(i.) Fhiy gens' Construction for Path of 
Rays. — Although with his conception of the 
nature of light transmission Huygens could 
not explain the polarisation of doubly refracted 
rays, he was able to represent the formation 
and paths of the two rays by a graphic method, ^ 
attacking the problem by a consideration of 
the wave-fronts of light disturbances travelling 
in a crystalline medium. Supposing a disturb- 
ance to emanate in all directions from an 
isolated point in the crystal, two separate 
wave -surfaces will be formed, that of the 
ordinary rays travelling at the same speed in 
all directions, and spreading out in the form 
of a sphere with ever-increasing radius. The 
rate of propagation of the extraordinary ray 
will vary along different directions, and 
consequently the wave-surface will no longer 
be spherical. Huygens assumed that it 
would take the form of a spheroid generated 
* See “ Light, Double Refraction of.” 


by the revolution of an ellipse, the axis of 
revolution coinciding with the diameter of the 
spherical wave-surface that is parallel to the 
optic axis. This assumption satisfied the 
necessary condition that the refractive index 
for the extraordinary ray should have an 
extreme value in the direction of the optic 
axis, and a second extreme value in all direc- 
tions perpendicular to the axis. 

Huygens’ graphical method of determining 
the position of a refracted plane wave-surface 
by considering each point on the refracting 
surface as an origin of secondary disturbance is 
well knowm. Suppose AB {Fig. 1) represents 
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a section of the plane wave-front impinging 
on the plane surface AC of a doubly refracting 
medium, both planes being perpendicular to 
that of the paper. The point A may be taken 
as an origin for the two disturbances propa- 
gated in the crystal, one of which will spread 
in a spherical form, and the other in a spheroidal 
form. Let the plane ABC contain the optic 
axis, which lies in the direction AP ; then these 
wave-surfaces may be represented by the 
circle through P and 0 with its centre at A, 
and the ellipse through P and E with AP 
and AQ as its axes, where AP/BC and AQ/BC 
represent the extreme values of the refractive 
index, . the former for both rays travelling 
along the optic axis, and the latter for the 
extraordinary ray travelling perpendicular 
to it. The refracted wave - fronts of the 
whole beam will consequently be represented 
by the tangent planes ® respectively to the 
ordinary and extraordinary wave - fronts. 
These will be perpendicular to the paper and 
cut it in lines CO and CE respectively. It is 
clear that in the case of the latter ray the 
sines of the angles of incidence and refraction 
bear no constant relation to each other, and, 
moreover, the wave-front CE is not perpen- 
dicular to the direction of the ray AE unless 
the latter is travelling parallel or perpendicular 
to the optic axis. 

If the optic axis is not co-planar with AB 
and AC, the plane through C and the intersec- 
“ See “ Light, Propagation of.” 
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tion of the incident wave and the refractory 
surface tangential to the spheroid described 
round A will not touch the spheroid in the 
plane of incidence ABO; in this case, therefore, 
the extraordinary ray does not obey either 
of the laws governing ordinary single refrac- 
tion. Various special cases can be examined 
by applying the necessary modification to the 


'having two sheets; as shown in Fig. 2 the 
section of the surface by each of the principal 
planes is a circle and an ellipse. 

Fletcher’s Ihdicatrix. — Another widely used 
representation of the optical properties of a crystal 
is Fhlcher'a Indicalrix. It is identical with the older 
“ Index-ellipsoid ” of M'Cullagh, the ellipsoid being 
constructed on semi-axes proportional to the three 
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graphical representation of the simple case 
considered here. 

Muoh work has been' done by later investigators, 
proving that Huygens was justified in his assumption 
as to the shape of tlie wavo-surfaoo of the extra- 
ordinary ray. There are two possible cases to be 
considered : the refraotivo index for the extra- 
ordinary ray perpendicular to the optic axis may he 
either less or greater than that for the ordinary ray. 
In tho former case the wave-sur- 
faces within tho crystal will take 
the form of a spheroid enclosing 
a sphere, having a common diameter 
parallel to tiio optio axis ; oaloito 
belongs to this class of ' crystals, 
wMob are said to possess negative 
birefringence, or, more shortly, to be 
negative crystals. In tho other case 
tho spherical wave-surface encloses 
tho spheroid, and tho crystals are 
said to ho positive. Quartz may bo 
instanood as an example of a iiosi- 
tivo crystal, although it will appear 
later that owing to its rotatory 
power tho two wave-surfaces in a 
quartz crystal do not touch at any 
point, that is to say, tho diilorenoe in 
refraotivo index for tho two rays reaches a minimum 
along tlie optio axis, but never disappears entirely. 

§ (7) BtAXiAL Crystals, (i.) Wave Sur- 
face. — Huygens did not extend his theory to 
explain tho phenomena exhibited by biaxial 
crystals, and his construction is not applicable 
to this case. It is to Fresnel that we owe the 
earliest complete theory of double refraction, 
dealing with both biaxial aird uniaxal crystals. 
Some account of this will he found in the 
article “ Light, Double Refraction of.” Mean- 
while, it is sufficient to say that thd wave- 
surface is of a somewhat complicated form, 


refractive indices referred to before (article “ Light, 
Doable Refraction of ”). Space does not permit of 
a full explanation of tho properties of the Indicatrix, 
which may be found in tho larger treatises on 
Crystallography, or in the original paper by its 
inventor ; ^ it must suffice to state that in any sootion 
of tho ellipsoid tho axes arc proportional to the 
refractive indices of tho two polarised rays wliose 
wave-fronts move along tho normal to that section, 
and indicate tho vibration directions 
in tho rays, while their differenco in 
length gives a measure of tho double 
refraction along tho normal to the 
sootion. 

(ii.) Primary and Secondary 
Optic Axes. — Tho position of a 
plane wave for which there is 
only single refraction through 
the crystal will, as wo have 
seen (article “ Light, Double 
Refraction of”), be the plane 
tangential to the two wavo- 
surfacos. Taking a section in 
that plane through two axes of 
the ellipsoid in which two sheets 
of tho wave-surface intersect in 
N {Fig. 3), MM' represents tho common tan- 
gent which touches the circular section in M 
and the elliptical section in M'. OM, the nor- 
mal to the tangent plane through M, represents 
the direction in which a single wave -front is 
propagated, and, therefore, is the optic axis. 
ON, joining the centre to the point of inter- 
section of the circle and ellipse, and representing 
the direction in which a single ray is propa- 
gated, is sometimes described as the Secondary 
Optic Axis; or it is described more completely 
by the name Axis of Single Bay Velocity. 

1 Min. Mag., 1891, ix. 278. 
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(iii.) Conical Refraction. — ^Now if the com- 
plete wave-surfaces are considered and not 
merely the sections in the ZX plane, it can 
be proved mathematically that the common 
tangent plane through MM' touches the sur- 
faces in a circle and not merely in two points, 
as Fresnel originally assumed. 

If, then, a plane wave is incident on the 
crystal parallel to the tangent plane MM', 
any line joining points on this circle of inter- 
section to the centre 0 will be possible direc- 
tions for rays entering the crystal. The 
direction will be determined by the plane of 
polarisation of the incident light ; if the latter 
is unpolarised, that is to say, if it contains 
vibrations in all possible directions, the 
refracted rays will take the form of a hollow 
cone of rays, each element of the cone being 
polarised in a separate plane. This pheno- 
menon, known as internal conical refraction, 
was predicted by Sir William Hamilton,^ 
and verified practically by Dr. Lloyd. ^ An 
analogous effect, known as eodernal conical 
refraction, is produced by the refraction out 
of a crystal of a ray travelling along ON, or 
the axis of single ray velocity. The direction 
of the Avn.ve normal in the crystal will be nor- 
mal to the plane touching the wave-surface 
at the point where it is intersected by the ray 
inside the crystal. Since the ray ON meets 
the wave-surfaces at the apex of a cone, there 
are an infinite number of tangential planes to 
the wave-surfaces at this point, and the nor- 
mals from N to these planes will form a hoUow 
cone. The ray ON when refracted out of the 
crystal will therefore form a hollow cone of 
light. The practical demonstration of both 
these phenomena, which are consequent on 
the theory of birefringence in crystals, helps to 
establish the correctness of that theory. 

(iv.) Relation between Morphological and 
Optical Properties. — It is essential from the 
point of view of practical work with actual 
crystals to have a clear idea of the relation 
between their morphology and their optical 
properties.® It has already been stated that 
crystals exliibiting the highest possible sym- 
metry, and therefore belonging to the cubic 
system, possess identical optical properties in 
all directions, and from an optical point of 
view behave in all respects as an isomorphous 
medium. Crystals of the tetragonal, hexa- 
gonal, and trigonal systems are uniaxial, 
their optic axis coinciding with the main 
crystallograpliio axis. Crystals of other 
systems, the rhombic, monoclinic, and triclinio 
systems, are biaxial. In a rhombic crystal 
the axes of Fresnel’s or of Fletcher’s ellipsoid 
coincide with the crystallographic axes in 
direction, although not necessarily in length. 

^ Trans. Roy. Irish Acad., 1833, xvii. 

» Vhil. Mag., 1833, ii. 112 and 207. 

“ See " Crystallography,” §§ (7) and (21). 


A monoclinic crystal possesses one crystal- 
lographic axis perpendicular to the plane 
containing the other two, which may he 
inclined to each other at any angle, and this 
axis, about which the crystal is symmetrical, 
coincides with one axis of the ellipsoid. The 
other two axes of the ellipsoid lie in the 
perpendicular plane of symmetry, but neither 
of necessity coincides with a crystallographic 
axis, and their position may show changes 
with a change of temperature or wave-length. 
In a triclinic crystal, which possesses no 
symmetry about any crystallographic axis, 
there is no definite relationship between the 
positions of the morphological and optical 
axes. 

Dispersion of Axes and Bisectrices. — In 
dealing with the position of the optic axes and the 
bisectrices of the optic axial angle it was assumed 
that the wave-length of light remained constant. If 
white light is used in the examination of a crystal 
there may bo different directions in the crystal 
for different wave-lengths along which there is no 
double refraction, and this will cause a dispersion of 
the optic axes. Dispersion of the bisectrices also may 
take place, the effects varying in different classes of 
crystals. In all oases in which an optic axis or a 
bisectrix coincides with a crystallographic axis there 
can be no dispersion ; hence in uniaxial crystals 
the position of the axis is independent of wave-lengtli. 
In rhombic crystals the bisectrices coincide with 
orystallographio axes, so that dispersion is limited 
to the optic axes. In some crystals it is almost too 
small for measurement, but in extreme cases the 
optic axial angle for red light is large, decreasing with 
decrease of wave-length until the crystid becomes 
uniaxial for light of a definite wave-length ; for still 
shorter wave-lengths the optic axial angle opens 
out again but in the perpendicular direction. This 
phenomenon is known as crossed axial dispersion. 

In monoclinic crystals dispersion of the bisectrices 
may also occur, since of the ellipsoidal axes only one 
coincides with a crystallographic axis. The effect 
produced varies according as this orystall9graphio 
axis coincides with the acute bisectrix or the obtuse 
bisectrix, or is perpendicular to the optic axial plane. 
Dispersion of the optic axis mayalsoappearsimultane- 
ously and in certain cases may be unequal for the 
two axes. For fuller information on this subject 
the reader is referred to the standard text- books on 
Crystallography and Petrographic Methods by 
Tutton, Miors, Johannsen, Bosenbusch, Weinschenk 
and Clark, and other writers. 

§ (8) Methods oe Pkodtjction of Polarised 
Light. — The various methods of producing a 
ray of plane polarised light from an ordinary 
unpolarised beam all depend fundamentally 
upon the resolution of the light into two 
components with vibrations in perpendicular 
directions, combined with the isolation of one 
component. 

(i.) By Reflection. — We have seen that this 
can be effected very simply by repeated 
refractions of a ray incident at the polarising 
angle. A pile of thin glass plates may be 


496 


POLARISED LIGHT AND ITS APPLICATIONS 


used for the purpose ; while an increase in 
their number tends to increase the degree 
of polarisation of the transmitted light, it 
decreases the intensity simultaneously, and 
to minimise this disadvantage the plates used 
should be as thin as possible consistent with 
a fair degree of rigidity. Seven, or eight 
plates of the thickness used for cover-glasses 
are sufficient to j)roduce satisfactorily complete 
polarisation of both the reflected and the 
refracted light, while not reducing too greatly 
the intensity of the latter. 

It is frequently desired to study the 
behaviour of various substances in polarised 
light, and generally, as well as a means of 
polarising the incident light, wo require a 
means of analysing the final transmitted or 
reflected rays. The same instrument is 
usually capable of fulfilling both purposes, 
for if it transmits, light vibrating in one 
direction only, thereby acting as a polariser, 
it can also be used as an indicator of the 
vibration direction of a polarised beam, and 
fulfils the function of an analyser. For some 
purposes the vibration direction of the 
analyser is arranged parallel to that of the 
polariser, but more usually their vibration 
directions are perpendicular ; in the latter 
case the polariser and analyser are said to be 
“ crossed.” 

(ii.) By Refraction . — For some purposes for 
which a small readily handled contrivance 
is i^roferable to a more perfect instrument 
requiring careful manipulation, a plate out 
from a large tourmaline crystal parallel to 
the long hexagonal axis is found of use. 
Tourmaline is strongly birefringent, and also 
possesses a different coefficient of absorption 
for the two rays, with the result that the 
ordinary ray is completely absorbed, while the 
extraordinary ray is transmitted. Selective 
absorption lends the transmitted light a deep 
green colour, however, which greatly reduces 
its intensity and renders this method of pro- 
duction unsuitable for many purposes. 

§ (9) Tourmaline Polaeisoope. — ^A simple 
polariscope can be constructed of two tour- 
maline plates mounted one above the other, 
and hold in a pair of wire tongs in such a way 
that either plate can be rotated relatively to 
the other. The contrivance is well adapted 
for a rough, examination of the behaviour in 
polarised liglit of a crystal specimen placed 
between the two plates. The lower plate 
acts as a polariser of light passing upwards 
through it, while the upper plate is used to 
analyse the light emerging from the specimen. 
If the plates are so orientated that the vibra- 
tion direction of the extraordinary ray in the 
upper is at right angles to that for the lower 
plate, no light can pass through both plates, 
unless the presence of a crystal slice between 
them causes a rotation of the vibration 


direction of light transmitted by the lower 
plate. Any such effect can be examined by a 
rotation of the ujiper tourmaline. 

§ (10) Nicol Prism. — The heavy loss of in- 
tensity due to the strong selective absorption 
of tourmaline is obviated if calcite is used, 
and this is employed in the construction of 
the Nicol Prism, which is the most generally 
used instrument for the production and 
examination of iiolarised light. With a rhomb 
of calcite special means have to be adopted 
to eliminate one of the two polarised rays. 
Early in the nineteenth century William 
Nicol ^ devised a means of attaining this 
result by slicing a rhomb of calcite diagonally 
and symmetrically through its blunt corners, 
polishing the cut surfaces and cementing them 
together with a thin layer of Canada balsam. 
The success of the device depends upon the 
fact that the refractive index for Canada 
balsam lies between that for the ordinary 
ray in calcite and the maximum refractive 
index for the extraordinary ray. Thus the 
dimensions of the jirism must be so designed 
that the ordinaiy ray falls on the balsam film 
at an angle greater than the critical angle, 
and is totally reflected, while the extraordinary 
ray is transmitted. The ratio of the long 
edge of the crystal to the short end -face 
should be between 1 : 3-0 and 1 : 3-7 ; the sides 
of the prism are blackened to absorb the 
reflected light and the end-faces are polished. 
This represents the Nicol prism in its simjjlest 
form ; modifications will be treated of later. 

On looking through a Nicol prism and 
varying the angle of obliquity the observer 
sees that the polarised field is limited on one 
side by a blue haze which gradually obscures 
the light, and on the other by a narrow band 
of interference fringes beyond which the inten- 
sity is increased but all images are doubled.*^ 
A consideration of the actual passage of rays 
through the Nicol will show that those limits 
mark on the one hand the beginning of the 
region of total reflection of both rays, and on 
the other the end of the region of total reflec- 
tion of the ordinary ray, the fringes being 
produced by the interference of the two rays 
within the balsam film ; in the region beyond 
the fringes the increase in their path separation 
causes the formation of double images. 

Fiff. 4 represents a section of the prism 
perpendicular to the cut section. In the 
natural crystal the three faces bounding the 
obtuse solid angle A {Fig. 5) make equal angles 
with one another and with the crystallographic 
axis, which coincides with the optic axis AO. 
This latter lies in the plane ABC.D, and makes 
an angle of about 46° with the end-face AD, 
the whole angle DAB being about 109°. The 

' Bdinburgh New PhU. Journ., 1B33, vi. 182, and 
1839, xxvii. 332. 

• Thompson, Phvs. Soc. Proc., 1877, ii. 185. 
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plane of section AC is inclined at very nearly 
90° to the end-face AD. If the transparent 
film is of Canada balsam, the critical angle 



for the ordinary ray passing from calcite to 
balsam is 67° 53'; this hmits the polarised 
field to an angle of 3° from the longitudinal 
axis in the direction of AB. Now although 
the maximum refractive index for the extra- 



ordinary ray is greater than that of the 
balsam, as the angle of incidence with AO 
increases, the ray is travelling more nearly 
parallel to the optic axis, and its index 
decreases to a smaller value than that of the 
balsam, so that at a certain angle of incidence 
the extraordinary ray strikes the balsam at 
the critical angle. The value of this angle 
will vary with the wave - length, for the 
refraction at the end-face AD will cause the 
red rays to fall on the balsam film at a more 
oblique angle than the violet rays ; hence 
the red rays are the first to suffer total reflec- 
tion, and a blue fringe shows the h'mit to the 
useful field on the side nearest DO. The fringe 
appears at an angle of obhquity of about 11° 
inside the prism ; the useful field within the 
prism is therefore limited to 14°, which 
corresponds to an external angular field of 
about 24° in air. The middle line of the 
field is inclined to the longitudinal axis at 
about 10°, and this gave rise to the custom 
often used of grinding the end’ faces to make 
an angle of 68° with the sides before sectioning 
the prism On the other hand, Ahrens has 
adopted the practice in late years of trimming 
the end-faces by about 3° in the other direc- 
tion, and then cutting the section plane 
perpendicular to them; this has the effect 
of increasing the field of view at the cost of 
making it less symmetrical with regard to 
the long axis of the prism. Square-ended 
prisms are also cut, and this not only decreases 
the percentage of fight lost by reflection at the 
end-surfaces, but obviates any displacement 
VOL. rv 


of the image as the prism is rotated about its 
axis. 

Since the extraordinary ray is polarised in 
a plane perpendicular to the principal plane, 
that is, perpendicular to the plane ADCB, 
its vibrations will take place in this plane. 
The trace of the vibration direction of trans- 
mitted fight on the end-face of the prism will 
therefore be along AD, the shorter diagonal 
of the rhombic face. 

§ (11) Other Polariseng Prisms. — Various 
devices have been adopted to give improve- 
ments in the directions of widening the field of 
view, lessening the percentage of fight lost by 
reflection, increasing the working aperture re- 
lative to the length of the crystal, and of giving 
uniform polarisation over the whole field. 
To these ends modifications have been made 
in the inclinations of the section plane and 
end-faces to the long sides, and in the substance 
used for the transparent film. A full account 
of the detailed construction of the Nicol 
prism, together with a description of other 
cognate forms of polarising prisms, is given 
by Silvanus P. Thompson.^ The chief modifica- 
tions are due to : 

Hartnack,^' who widened the field of view 
by cutting the section perpendicular to the 
optic axis, at a great cost of material. 

Foucault,^ who dispensed with the difficulties 
attached to cementing the interface by using 
an air-film. This gave a very narrow field 
of view and introduced the disadvantage of 
multiple reflections caused by the air-film. 

Olan,^ who designed a square-ended Foucault 
prism with the plane of section containing the 
optic axis. 

Jamin,^ who reversed the construction of 
the Nicol, and used the ordinary ray trans- 
mitted by a thin plate of spar placed between 
rectangular prisms of carbon bisulphide con- 
tained in a metal tube with glass ends. This 
was further modified by Zenker,® who used 
prisms of dense flint, and by Feussner.’ 

Leiss,^ who proposed the substitution, for 
economical reasons, of a prism of glass of 
similar index for the second half of a Nicol 
prism. 

Thompson {loc. cit.) also describe.s many 
different forms of prism devised by himself, 
with references to several other investigators, 
including Dove,® Glazebrook, and Bertrand, 
who have sought to find the ideal mean 

' Thompson, Optical Convention Proc., 1906, p. 216. 

® Hartnack and Prnzmowski, Ann. Cnim. et 
Physjj 1866 (4), vii. 181 . 

“ Comptes Rendus, 1867, xlv. 238. 

* Carl’s Repertorium, 1880, xvl. 670 ; Journ. de 

x» 175 

‘ Comptes Rendus, 1809, xlviii. 221. 

‘ Zeits. Instrumentenh., 1885, iv, 135. 

’ Zeits. Instrumentenh., 1884, iv. 49. 

‘ Ber. Ahad., 1897, p. 901. 

* Pood. Ann., 1864, cxxli. 18 and 456. 

" Phil. Mag. (6), xv. 362 ; Plvys. Soc. Proc. v. 204. 

** Soc, Mindralogigue de Prance Bull., 1884, p. 339 
Comptes Rendus, xcix. 638. 

2 K 


498 


POLARISED LIGHT AND ITS APPLICATIONS 


between a prism of greatest utility and one 
involving small waste of material, an almost 
equally important consideration owing to the 
small supply of large flawless crystals of 
Iceland spar. 

Ahrens ^ devised a triple prism {Fig. 6), 
consisting of two calcite prisms cut with their 
refracting edges parallel to the optic axis, 
cemented on either side of a calcite prism cut 
with its edge perpendicular to the axis. A 



rectangular prism of flint glass cemented to 
the third prism serves to deflect the unused 
ray 60° from the normal. This prism has a 
comparatively large angular field. A later 
form consisted of a triple prism cut from a 
rectangular block of spar {Fig. 7), the three 
wedges being cemented together with balsam. 
The ordinary ray is deflected partly to the 
right and partly to the left, and the extra- 
ordinary ray passes through normally, per- 
pendicular to the optic axis. The prism 
possesses a large aperture relative to its length. 




Other polarising prisms have been designed 
by several authors. 

Abbe's 2 design consisted of two 30° crown 
glass prisms cemented with a substance of 
the same refractive index to the sides of a 
60° prism of calcite cut with its refracting 
edge parallel to the optic axis. The refractive 
index for the glass must be that for the 
extraordinary ray in calcite, so that this ray 

^ Jour7i. lioif. Micros. Soc., 1884 (2), iv. 533, 
and 1886, vi. 470 ; Phil. Mag., 1884 (5), xix. 09, 
and 1880, xxi. 470. 

“ See Orosse, IHe gebriiuchlichen Polarisations- 
prismen, 1887. 


passes undeflected through the block, while 
the ordinary ray is deviated. The prism has 
a field of view of about 23°. 

Stolze ® designed a polarising prism con- 
structed entirely of glass. A ray entering 
normally is twice internally reflected, first at a 
silvered surface, the polarisation taking place 
at the second surface by total reflection at 
the polarising angle, after which the ray 
emerges normally from the end-face. The 
lateral displacement of the emergent ray and 
its incomplete polarisation, due to almost 
unavoidable strains present in the glass, 
detract from the utility of this prism. 

Schulz's ^ design obviates both these dis- 
advantages, but the prism is not so simply 
constructed {Fig. 8). The surfaces AE aird 
BD are silvered, and a ray entering AB 
normally leaves EF normally and is reflected 
at the polarising angle from CE, the emergent 
beam being in lino with the incident beam ; 


A 0 



the polarisation is unalTectod by strain in the 
glass since it ta,ko8 place outside the prism. 
Ten per cent of the incident light is transmitted 
as compared with 26 per cent to 40 per cent 
by the Nicol prism, but since no calcite is 
used there is not the same objection to using 
a larger prism if a greater amount of light is 
required.® 

§ (12) Double - iMAOM Prisms. — Various 
prisms have also been designed to produce two 
widely separate images of a smglo object. 
Wollaston's Prism consists of two rectangular 
prisms of calcite ABC and DAO {Fig. 9) 
ooraented together to form a rectangular 
block. The prism ABC is so cut that the 
Optic axis of the crystal is parallel to the 
surface AB at which the light enters, while 
in the other jn-ism the axis is still parallel to 
the surfaces AB and CD but turned through 
90°. A ray of light entering AB normally 

® Atelier der Pholographen, 1 896, p. 140. 

■* Zeits. Tnstnmentenk., 1911, xxxi, 180. 

‘ A dovioe used before the Invention of the Nicol 
prism was the truncation of the blunt corners of a 
calcite rliomb, each cut IlraltinK the Held of view 
laterally so as to prevent the clear passaKo of the 
ordinary ray through the prism. A somewhat 
similar device has recently been reintroduced for 
use in polarimetry and other purposes where a wide 
held of view is not essential ; the prisms give good 
polarisation and are free from the disadvantages 
attached to a cemented prism. 
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will travel perpendicularly to the axis and 
will be divided into two coincident polarised 
rays vibratmg parallel and perpendicular to 



the plane of the paper. On crossing the plane 
of section the ordinary ray of the first prism 
becomes the extraordinary ray of the second, 
and vice versa ; the refractive index therefore 
•increases for one ray and decreases by the 
same amount for the other ray, so that both 
are deflected in opposite directions from the 
normal to AB. The divergence of the rays is 
further mcreased on their refraction at the 
surface CD, and they form two widely 
separated images polarised in perpendicular 
planes. On rotating the prism about the 
normal to AB the two images rotate simul- 
taneously, each retaining the same position 
relative to the prism. If the prism is tilted 
so that the rays are incident obhquely the 
images are seen to separate or approach 
according to the direction of tilt, always 
supposing the tilt to be in the plane containing 
the two images. A modification is sometimes 
made by using one calcite prism and one glass 
prism. In this case the change of refractive 
index for each ray at the interface is less, 
though still in opposite directions, so that 
such a prism, although cheaper in construc- 
tion, does not give as great total deviation. 
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face. No separation of normal light occurs 
in the first prisn\, therefore, and on passing 
into the second half the ordinary ray travels 
on unchanged in direction while the extra- 
ordinary ray is deviated further from the 
normal to the plane of section. On emergence, 
therefore, the rays form two images of which 
only one is deflected from the normal, and on 
rotating the prism only the latter image rotates 
while the ordinary image remains stationary. 

§ (13) General Equations representing 
Vibrations op Polartsec Light. — So far we 
have dealt only with polarised light in which 
the vibrations are restricted to ‘rectilinear 
motion, and it was merely noted in passing that 
light may also be polarised in such a fashion 
that the particles describe circular or elliptical 
orbits. The relation of such vibrations to 
those of plane polarised light is best shown 
by an examination of the mathematical 
equations representing them. 

The simple equation representing the displacement 
at any moment of a particle moving m simple har- 
monic motion in a straight line is 

2/=asin27r— , 


where a is the amplitude, T the period of the vibra- 
tion, and i the time that has elapsed since the particle 
was in its zero posi- 
tion. We may 
equally well look 
upon y as a periodic 
electrical force. 

Now suppose this 
equation to repre- 
sent the vibration 
of a plane polarised 
ray striking a doubly 
refracting plate. 

Lot OX, OY (Fig. 

11) represent the 
directions of vibra- 
tion in the plate, 
and let OK, the 
direction of vibration of the incident ray, make 
an angle i with the direction OY. On entering the 
plate the vibration OK is decomposed into com- 
ponents along OX and OY, represented by 

sm 27r— sin i, r) = a sm 27r - cos 



These two vibrations in general travel through, the 
crystal plate with different velocities, so that if 0 
and E represent the distances travelled in air in the 
times taken by the ordinary and extraordinary waves 
respectively to traverse the plate, the displacements 
will be 


^=a sin i sin 27r 
7)=a cos i sin 27r 
=a cos i sin 27r 


(fi) 

(-;-!) 






( 1 ) 


where X is the wave-length of the light in air. 


Rochon's Prism (Fig. 10) ia similar in 
general design, except that the optic axis in 
the first prism is perpendicular to the entrance 
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The two waves emerge parallel and the light re- 
fracted from the plate will lie resultant of two super- 
posed vibrations of the same period and amplitude 
but differing in phase by an amount (0— E)/X, which 
varies with the thickness of the plate. 

Combining eq;uations (1) by the elimination of i 
we shall obtain an expression for the resultant 
vibration. 

Let and = 0. 

Then equations (1) may bo written 

— ~ — ;=sin 0, 
a sm i 


— ——ain 0 003 <i>=oo8 0 sin (b. 
a cos i 

Squaring both sides of the second equation and 
substituting for sin^ 0 and cos® 0 from the first, 
we obtain 


Equation (2) then becomes 

+ = , . . (4) 

representing uniform motion in a circle of 
radius equal to the amplitude of the original 
vibration. When, therefore, the phase dif- 
ference between the two rays is equal to an 
odd number of quarter wave-lengths, and 
when the plane of polarisation of the incident 
ray is equally inclined to those of the rays 
traversing the crystal plate, the emergent ray 
will be circularly polarised. A crystal plate 
which fulfils this condition of phase difference 
between its emergent vibrations is known as 
a quarter -toave plate (X/4 plate), and provides a 
ready method of producmg circularly polarised 
light. 

(iii.) ElUpiically Polarised Light. — If 
0 -E = (2n-4-l)X/4, but i is not equal to 45°, 
equation (2) becomes 


008 ^ (p-2 ^ r . — —.008 0 

O'* COS'* 1 sin^ ^ o'* sin t cos % 


sin* i cos* i 


( 5 ) 


sin*0. 

\ o^ sm'* 

TT ■ 2f»?oos0 . 

O'* sm'* i O'* COS'* i O'* sm i, cos % 
or 

0 — E 

^* 003* f-f Tj* sin* i — 2 ^r) sin i oos i cos 27 r - - 

A 

=0* sin* i cos* 1 sin* 27 r— ( 2 ) 
X 

This indicates that the general form of the 
resultant vibration is an ellipse one of whose 
axes is inclined to the vibration direction in 
the plate at an angle i. 

Special cases may be considered. 

(i.) Plane Polarised Light. — ^If the differ- 
ence in optical path 0-E=nX/2, so that 
27r(0 - 'E)l\ — nr, equation (2) reduces to 

cos* i ■+• Tj* sin* i ± 2^-r} sin i oos i = 0, 

or ^ cos i = + ■>; sin -i. . . . (3) 

Hence if the plate is of such a thickness 
that the phase difference on emergence is 
equal to any whole number of half wave- 
lengths, the resultant vibrations are plane 
polarised. If n is even, f/vj= -(-tan i, and the 
vibrations are parallel to those of the incident 
light. If n is odd, ?/i 7 =-tani, and the 
vibrations are in a direction equally inclined 
to the Y axis but on the side of it remote 
from the incident vibration direction. 

Moreover, this is the only condition which 
reduces equation (2) to the rectilinear form. 

(ii.) Circularly Polarised Light. — If, however, 
0 -E = (2n-t- l)'x/4, and t=45°, we have 

sin i=cos i = l//^/2, 

27r(0-E)/X = (2n-|-l)7r/2. 


That is to say, if a quarter-wave plate is so 
orientated that its vibration directions OX 
and OY are not equally inclined to the 
vibration direction, OK, of the incident light, 
the emergent ray is olliptically polarised, the 
axes of the ellipse being parallel to OX and 
OY. It is obvious that in the limiting cases 
when i=0° or 90°, the ellipse becomes a 
straight line parallel to OY or OX, that is to 
say, the crystal transmits one ray only. 

§ (14) CincuLAKLY Polarised Light, (i.) 
Production by Refraction. — Circularly polarised 
light can bo j)roduced, as mentioned above, 
by the use of a quarter-wave plate. Such 
a plate is most easily prepared by split- 
ting mica along its cleavage planes into very 
thin sheets ; by trial a sheet can then be 
chosen such that it produces between the 
transmitted rays a phase difference of X/4 for 
any fixed value of X, Eor use with sodium 
light the thiclmess of a quarter- wave plate of 
mica is 0'032 mm. It is useful not only to 
Icnow the vibration directions in the plate, 
but also to bo able to distinguish between the 
directions of slower and faster transmissions. 

The vibration directions are easily found by 
holding the plate between crossed Nicols. 
When it is in such a position that the field 
remains dark its vibration directions must 
bo parallel to those of the Nicol prisms. A 
method of distinguishing definitely between 
the directions of the fast and slow trans- 
missions is given by R. W. Wood.^ If the 
mirrors of a Michelson interferometer are 
adjusted to give a system of fringes in white 
light plane polarised in a horizontal plane, 
the introduction into the path of one ray of a 
quarter-wave plate with its vibration directions 


and 


* Physical Optics, 1914, p. 329. 
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horizontal and vertical will produce a retarda- 
tion in that ray relative to the other, and a 
shift of the fringes will ensue. Now if the 
plate is turned through 90°, there will he a 
further shift in the fringes. If it is in the 
same direction as before, it is clear that a 
further retardation of that ray has taken 
place ; that is to say, the direction which 
was at first horizontal is the direction of 
vibration of the faster moving component. 

(ii.) Production by Reflection . — ^We have seen 
that when a plane polarised ray strikes the 
dividing surface between two media at the 
polarising angle the reflected ray and the 
refracted ray are polarised in perpendicular 
planes. Now if the conditions he those 
required for total reflection, both rays will be 
reflected along the same path, but there will 
be a phase difference of X/8 between their 
vibrations. Two total reflections of the rays 
will therefore produce the phase difference of 
X/4 necessary for the production of circularly 
polarised light, and the only other necessary 
condition is that the original plane of polarisa- 
tion should be at 45° to the plane of incidence. 
Fresnel constructed a glass rhomb through 
which a plane polarised ray could pass {Fig- 
12), suffering two total internal reflections 



at the polarising angle of 54°, and thus attain- 
ing a phase difference of X/4 between the two 
emerging components. Since the polarising 
angle for a glass-air surface varies very little 
with change of wave-length, the phase difference 
of the emergent rays is nearly independent of 
the colour of the hght, and in this respect 
this method of production of circularly 
polarised light is preferable to the use of a 
quarter-wave plate. 

(iii.) Methods of Detection . — It is obvious 
that circularly polarised light differs from both 
plane and elliptically polarised light by 
possessing no unique pair of perpendicular 
planes about which the path of a vibrating 
particle is symmetrical. Consequently when 
examined by an analysing prism a circularly 
polarised beam shows no change on rotation 


of the prism. In this respect it resembles 
unpolarised light, but can be distinguished 
from the latter by its behaviour in conjimction 
with a quarter-wave plate, for if the plate be 
so orientated that it neutralises the phase 
difference existing between the two components 
of the circularly polarised light the emergent 
light will be converted to plane polarised light, 
which can then be extinguished by a suitable 
orientation of the analysing prism. 

It is of use in some connections to determine 
the direction of rotation of circular vibrations, 
which, if produced by a crystal plate, will vary 
according to the character of the crystal and 
the plane of polarisation of the incident light. 
This will be clear on reference to Fig. 11, 
Suppose OP represents the vibration direc- 
tion of the incident light. The force moving 
a particle from 0 towards P will be resolved 
in the plate into two perpendicular forces 
tending to move the particle from 0 towards 
X and Y, where OX and OY are the vibration 
directions of the ordinary and extraordinary 
rays respectively. In a positive crystal the 
ordinary ray travels the faster, so that the 
vibration along OX, say, is executed more 
quickly than that along OY. After a certain 
interval of time there is a phase difference 
between the rays of X/4, that is to say, while 
the particle is about to move from X towards 
0 there is an equal force propelling it in a 
perpendicular direction upwards. Hence it 
will move by a circular path in a counter- 
clockwise direction from X to Y. If at this 
moment the rays emerge from the plate there 
will be no further change in the phase differ- 
ence, and the vibration will continue to be 
circular and counter-clockwise. In a negative 
crystal it is obvious that under the same 
conditions the path of a vibrating particle 
would be clockwise. These deductions, to- 
gether with a consideration of the case when 
the vibration direction of the incident ray is 
perpendicular to OP, leads to the rule that 
if the vibration direction of the incident light 
is turned in a clockwise direction through 
45° from the direction of fastest vibration in 
the crystal plate, the circular path of the 
emerging vibrations will be described in a 
clockwise direction also. 

The direction of vibration can he found ex- 
perimentally by means of a q uarter -wave plate 
for which the direction of the faster vibration 
is known. By a suitable orientation of the 
plate the phase difference of the light under 
examination can be neutralised or doubled, 
with the production of light plane polarised 
parallel or perpendicular to the incident 
light, and the directions of fast and slow 
vibrations in the unlmown plate can he 
deduced. An application of the construction 
given above then determines the rotational 
direction. 
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The two waves emerge parallel and the light re- 
fracted from the plate will be resultant of two super- 
posed vibrations of the same period and amplitude 
but differing in phase by an amount (0 — E)/X, which 
varies with the thickness of the plate. 

Combining eq^uations (1) by the elimination of t 
we shall obtain an expression for the resultant 
vibration. 

Let 27r^^-0 >=6 and =0. 

Then equations (1) may be written 

— \ — ;=sin d, 
a sm % 


— — sin 0 cos (p=oos 0 sin 

a cos ^ 

Squaring both sides of the second equation and 
substituting for sin^ 0 and cos® 0 from the first, 
we obtain 


Equation (2) then becomes 

^^ + 7i^=a^l2, ... (4) 

representing uniform motion in a circle of 
radius equal to the amphtude of the original 
vibration. When, therefore, the phase dif- 
ference between the two rays is equal to an 
odd number of quarter wave-lengths, and 
when the plane of polarisation of the incident 
ray is equally inclined to those of the rays 
traversing the crystal plate, the emergent ray 
will be circularly polarised. A crystal plate 
which fulfils this condition of phase difierence 
between its emergent vibrations is known as 
a quarter -wave plate (X/4 plate), and provides a 
ready method of producing circularly polarised 
light. 

(ui.) Elliptically Polarised Light. — If 
O - E= (271-1- l)X/4, but i is not equal to 45°, 
equation (2) becomes 


— oos^ c6 — 2 — . : cos <t) 

a‘ cos^ i a,‘‘ sm* % sm « cos % 


-.-f- 


sin® i "^cos* * 


=a2. 


( 5 ) 


Hence 


-+ 


a* sm*" % a‘‘ cos - 1 sm ?■ cos 


\ sm-® ij 

:=sm^ 0, 


or 

0-E 

cos® i+i]^ sin^ i — 2^7] sin i cos i cos 27r — ^ — 

A 

0“E 

=a* sin® i cos* i sin* 27r- — - . (2) 

A. 


This indicates that the general form of the 
resultant vibration is an eUipse one of whose 
axes is inclined to the vibration direction in 
the plate at an angle i. 

Special cases may be considered. 

(i.) Plane Polarised Light. — If the differ- 
ence in optical path 0-E=7iX/2, so that 
27r(0 - 'Ei)j\ = nw, equation (2) reduces to 

cos® i -)- 7}® sin® i + 2^r) sin i cos i = 0, 

or ^ cos i = + 7j sin f. . . . (3) 

Hence if the plate is of such a thickness 
that the phase difference on emergence is 
equal to any whole number of half wave- 
lengths, the resultant vibrations are plane 
polarised. If is even, f/77= -)-tan i, and the 
vibrations are parallel to those of the incident 
light. If 77. is odd, ^/7;=-tani, and the 
vibrations are in a direction equally inclined 
to the Y axis but on the side of it remote 
from the incident vibration direction. 

Moreover, this is the only condition which 
reduces equation (2) to the rectilinear form. 

(ii. ) Circularly Polarised Light. — If, however, 
0 - E = (2?7.-f- l)X/4, and f=46°, we have 

sin i=cos i = \j ij 2, 

27r(0 -E)/X = (277.-b l)7r/2. 


That is to say, if a quarter-wave plate is so 
orientated that its vibration directions OX 
and OY are not equally inclined to the 
vibration direction, OK, of the incident light, 
the .emergent ray is elliptically polarised, the 
axes of the elhpse being parallel to OX and 
OY. It is obvious that in the limiting cases 
when i = 0° or 90°, the elhpse becomes a 
straight line parallel to OY or OX, that is to 
say, the crystal transmits one ray only. 

§ (14) ClRCtTLARLY POLARISED LiGHT. (i.) 
Production by Refraction . — Circularly polarised 
light can be produced, as mentioned above, 
by the use of a quarter-wave plate. Such 
a plate is most easily prepared by spht- 
ting mica along its cleavage planes into very 
thin sheets ; by trial a sheet can then be 
chosen such that it produces between the 
transmitted rays a phase difference of X/4 for 
any fixed value of X. For use with sodium 
light the thickness of a quarter-wave plate of 
mica is 0'032 mm. It is useful not only to 
know the vibration directions in the plate, 
but also to be able to distinguish between the 
directions of slower and faster transmissions. 

The vibration directions are easily found by 
holding the plate between crossed Nicols. 
When it is in such a position that the field 
remains dark its vibration directions must 
be parallel to those of the Nicol prisms. A 
method of distinguishing definitely between 
the directions of the fast and slow trans- 
missions is given by R. W. Wood.^ If the 
mirrors of a Michelson interferometer are 
adjusted to give a system of fringes in white 
light plane polarised in a horizontal plane, 
the introduction into the path of one ray of a 
quarter -wave plate wdth its vibration directions 


and 
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horizontal and vertical will produce a retarda- 
tion in that ray relative to the other, and a 
shift of the fringes will ensue. Now if the 
plate is turned through 90°, there will be a 
further shift in the fringes. If it is in the 
same direction as before, it is clear that a 
further retardation of that ray has taken 
place ; that is to say, the direction which 
was at first horizontal is the direction of 
vibration of the faster moving component. 

(ii.) ProducLion by Reflection . — ^We have seeir 
that when a plane polarised ray strikes the 
dividing surface between two media at the 
polarising angle the reflected ray and the 
refracted ray are polarised in perpendicular 
planes. Now if the conditions be those 
required for total refiection, both rays will be 
refiected along the same path, but there will 
be a phase difference of X/8 between their 
vibrations. Two total reflections of the rays 
will therefore produce the phase difference of 
X/4 necessary for the production of circularly 
polarised light, and the only other necessary 
condition is that the original plane of polarisa- 
tion should be at 45° to the plane of incidence. 
Fresnel constructed a glass rhomb through 
which a plane polarised ray could pass {Fig. 
12), suffering two total internal reflections 



at the polarising angle of 54°, and thus attain- 
ing a phase difference of X/4 between the two 
emerging components. Since the polarising 
angle for a glass-air surface varies very little 
with change of wave-length, the phase difference 
of the emergent rays is nearly independent of 
the colour of the fight, and in this respect 
this method of production of circularly 
polarised fight is preferable to the use of a 
quarter-wave plate. 

(iii.) Methods of Detection . — It is obvious 
that circularly polarised fight differs from both 
plane and elfiptically polarised light by 
possessing no unique pair of perpendicular 
planes about which the path of a vibrating 
particle is symmetrical. Consequently when 
examined by an analysing prism a circularly 
polarised beam shows no change on rotation 


of the prism. In this respect it resembles 
unpolarised light, but can be distinguished 
from the latter by its behaviour in conjunction 
with a quarter-wave plate, for if the plate be 
so orientated that it neutralises the phase 
difference existing between the two components 
of the circularly polarised fight the emergent 
fight will be converted to plane polarised fight, 
which can then be extinguished by a suitable 
orientation of the analysing prism. 

It is of use in some connections to determine 
the direction of rotation of circular vibrations, 
which, if produced by a crystal plate, will vary 
according to the character of the crystal and 
the plane of polarisation of the incident fight. 
This will be clear on reference to Fig. 11. 
Suppose OP represents the vibration direc- 
tion of the incident light. The force moving 
a particle from 0 towards P will be resolved 
in the plate into two perpendicular forces 
tending to move the particle from 0 towards 
X and Y, where OX and OY are the vibration 
directions of the ordinary and extraordinary 
rays respectively. In a positive crystal the 
ordinary ray travels the faster, so that the 
vibration along OX, say, is executed more 
quickly than that along OY. After a certain 
interval of time there is a phase difference 
between the rays of X/4, that is to say, while 
the particle is about to move from X towards 
0 there is an equal force propelling it in a 
perpendicular direction upwards. Hence it 
will move by a circular path in a counter- 
clockwise direction from X to Y. If at this 
moment the rays emerge from the plate there 
will be no further change in the jihase differ- 
ence, and the vibration will continue to be 
circular and counter-clockwise. In a negative 
crystal it is obvious that under the same 
conditions the path of a vibrating particle 
would be clockwise. These deductions, to- 
gether with a consideration of the case when 
the vibration direction of the incident ray is 
perpendicular to OP, leads to the rule that 
if the vibration direction of the incident fight 
is turned in a clockwise direction through 
45° from the direction of fastest vibration in 
the crystal plate, the circular path of the 
emerging vibrations will be described in a 
clockwise direction also. 

The direction of vibration can be found ex- 
perimentally by means of a quarter-wave plate 
for which the direction of the faster vibration 
is known. By a suitable orientation of the 
plate the phase difference of the fight under 
examination can be neutralised or doubled, 
with the production of fight plane polarised 
parallel or perpendicular to the incident 
light, and the directions of fast and slow 
vibrations in the unknown plate can be 
deduced. An application of the construction 
given above then determines the rotational 
direction. 
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§ (15) ELLTPTioAiLy Polarised Light, (i.) 
Production. — From what has already been said 
it is evident that the conditions under which 
circularly polarised hght is produced are 
special cases of the conditions necessary to 
produce eUiptically polarised hght. The pro- 
duction of the latter, therefore, generally 
requires the fulfilment of one condition less 
than the number necessary for the production 
of circular polarisation. For example, dealing 
first with methods of production by refraction, 
if a quarter -wave plate is used, eUiptically 
polarised hght is produced if the plane of polar- 
isation makes any angle with the vibrations in 
the plate between 0° and 90° ; at an angle of 
45° the eUiptical vibration becomes circular. 
The condition regulating the thickness of the 
plate for the production of circular polarisa- 
tion may be relaxed for elhptical polarisation, 
which wih result from the passage of plane 
polarised hght through a thin plate producing 
any phase difference that is not a multiple 
of X/4, but in this case the axes of the eUipse 
will be inclined to the original direction of 
vibration. 

For production by a reflection method, it 
is obvious that the necessary conditions are 
fulfiUed by a single internal total reflection 
in a glass prism of jilane polarised ray at the 
polarising angle, for this produces a phase 
difference of X/8 between two coincident per- 
pendicularly polarised rays. When the plane 
of polarisation of the incident hght is inclined 
to the plane of incidence at an angle of 45° 
the hght reflected from any medium is to 
some extent elhpticaUy polarised. With trans- 
parent media the eccentricity of the ellipse 
is so great that the vibrations are very nearly 
linear, but if the reflection takes place from a 
metalhc surface the elhpticity of the polarisa- 
tion is pronounced, and when the incident 
hght is polarised at an angle of 45° with the 
angle of incidence the polarisation of the 
reflected hght is nearly circular. 

Drude ^ explains this production, of elliptical 
polarisation by postulating a gradual, in place of an 
abrupt, change of refractive index at the surface of 
the medium. Further work by Lummer and Sorge ® 
on solid media and by Lord Hayleigh® on liquid 
surfaces shows that a higher surface refractive index, 
due in the former case to the action of polishing 
materials and in the latter to the presence of a thin 
film of grease, tends to produce elliptical polarisa- 
tion of reflection, but the two former authors have 
also shown that in some cases the phenomenon is 
probably due to the presence of surface strains in the 
medium, and is affected by subjecting the medium 
to pressure. 

(ii.) Methods of Detection and Analysis . — 
When examined with an analysing prism ellip- 

* Lehrbuch der Optik, 1900, p. 266, Engl, trans., 
1920, p. 287. 

“ Ann. d. Physik, 1910, xxi. 325. 

• Phil. Mag., 1908, xvi. 444: Scientific Papers, 
iU. 496. 


ticaUy polarised light shows a waxing and wan- 
ing of intensity on rotation of the prism, the 
maximum and minimum points occurring when 
the vibration direction of the Nicol is parallel 
to the longer and shorter axes of the ellipse 
respectively, but no orientation of the analyser 
wholly extinguishes the light. In this respect 
eUiptically polarised light behaves like a 
mixture of plane polarised and unpolarised 
light, but it can be distinguished from the 
latter, as in the similar case of circularly 
polarised light, by its reduction to plane 
polarised light by means of a quarter -wave 
plate suitably orientated. The direction of 
the axes of ellipse can be deduced at the same 
time, for they must of necessity be parallel to 
the principal planes of the quarter-wave plate 
when it is in position to render the' emergent 
light plane polarised. The ratio of the axes 
can be calculated by determining, by means of 
a Nicol prism, the angle between the vibration 
direction of the emergent plane polarised light 
and the directions of the axes of the ellipse. 

(ui.) Babinet's Compensator . — A more accu- 
rate method of determining the constants of an 
elliptical vibration is by the 
use of Bahinefs Compensator. 

This consists of two rectangu- 
lar prisms of quartz {Fig. 13) 
placed with their hypotenuses 
in contact so that together 
they form a plane parallel 
plate, the thickness of which 
can be varied by sliding the 
prisms along their interface. 

The optic axes are paraUel 
and perpendicular to the plane 
of the paper m the two 
halves as represented by the Fio. 13. 
shading of each prism. Plane 
polarised monochromatic light entering the 
plate normaUy is resolved into two rays whose 
separation is further increased on entering 
the second prism. The relative retardation 
produced between the rays by their passage 
through the whole plate is proportional to 
(cj - e 2 )(/Xg - pf), where and are the distances 
traversed in the two prisms, and and are 
the two extreme refractive indices. Along 
certain lines paraUel to the prismatic edges the 
phase difference between the emergent rays will 
be equal to a whole number of wave-lengths ; 
there will therefore be equidistant lines of 
plane polarised light occurring in the emergent 
light, which can be made to appear as dark 
bands by the use of an analysing prism 
crossed with reference to the polariser. 
Between the bands the light wiU be eUiptically 
polarised in general; halt-way between each 
band the light will be plane polarised in a 
direction oblique to the plane of polarisation 
of the first set, being perpendicular to it. 
If the plane of polarisation of the incident light 
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on the nature of the rays emerging from the 
crystal. In general the two rays produced 
by a birefringent crystal emerge with a 
definite phase difference depending upon the 
nature of the crystal, its thickness, and the 
wave-length of light used. Assuming that 
the section is of a standard thickness, so that 
the effects produced by different sections can 
be correlated easily,^ the polarisation of the 
emergent hght will depend upon the wave- 
length of the light ; if white light is used, 
the difference in retardation for different 
wave-lengths will lead to the plane polarisation 
of light of some colours and elliptical or 
circular polarisation of light of other colours. 
If the Nicols are crossed, the observer will 
lose hght of all wave-lengths for which the 
phase difference in the plate is any multiple 
of X (remembering that the resolution of the 
two perpendicularly polarised rays to the 
vibration direction of the analyser causes a 
further retardation of X/2), and the resultant 
light will possess the colour complementary 
to that absorbed. The colours corresponding 
to retardations of varying amounts are given 
in the well-known Newton Scale of Interference 
Colours. A crystal of low birefringence will 
produce a amah phase difference equivalent 
only to one wave-length for some particular 
shade. That colour alone will be ehminated, 
and a tint of the first order appears, clear 
grey> yellow, or red ; higher birefringence 
entails the loss of more than one colour, 
and is indicated by the brilhant second order 
tints, while very powerful double refraction 
gives the soft impure tints of still higher 
orders. 

(iii.) Extinction. — If the vibration direction 
of the analyser is parallel to one of the vibra- 
tion directions in the section, the polarised 
light will pass through the crystal unresolved, 
and will be cut off completely by the analyser. 
Thus if a crystal section is revolved in its own 
plane between crossed Nicols, in four per- 
pendicular positions the field appears dark ; 
these are known as the positions of extinction, 
and the line in the section then parallel to 
the vibration direction of the polariser is 
knoAvn as the direction of extinction. The 
angle between the direction of extinction and 
a crystallographic axis indicates the nature 
of the crystal ; uniaxial crystals have “ straight 
extinction,” that is to say, their extinction 
angle is zero. Accurate measurement of this 
angle, either with the microscope or by other 
methods, is of great importance in the 
systematic investigation of a crystal. Sections 
of birefringent crystals perpendicular to an 
optic axis and all sections of a cubic crystal 

^ The thickness of a rock section or crystal section 
cut for general examination is usually between 
0-01 mm. and 0-02 mm., producing in quartz the 
clear grey and yellow of the first order interference 
tmts. 


will, of course, appear dark in all positions 
between crossed Nicols. 

(iv.) Sign of Birefringence .— sign of the bi- 
refringence may be deduqed by the use of a gypsum 
■plate. Such a plate is a thin cleavage section of the 
monoclinic crystal gypsum (selenite), the cleavage 
being parallel to the plane of symmetry, which con- 
tains the optic axes. A section of suitable thickness 
shows a uniform interference tint of first order red 
between crossed Nicols, and a slight change in the 
phase difference is enough to change the tint 
sharply to the lower first order blue-grey or the 
higher second order yellow. Now, if a crystal 
section whose extinction directions are known is 
superposed on the gypsum plate between crossed 
Nicols, so that one extinction direction, that is to 
say, the vibration direction of one ray, is parallel 
to one vibration direction in the plate, a raising of 
the colour tint to yellow will indicate that the direc- 
tion.s of fast vibration in the two crystals coincide. 
It is only necessary to have the directions of fast 
and slow vibrations marked on the gypsum plate 
to be able to deduce at once the corresponding direc- 
tions in the crystal, and thence by reference to the 
position of its optic axis, or axes, to determine the 
sign of its birefringence. 

§ (18) Ceystal Sections in Convergent 
Light. — The second class of phenomena 
shown in the examination of crystal plates 
is produced when the section is viewed in 
convergent or divergent polarised hght, and 
takes the form of the well-known “ rings 
and brushes ” produced by interference. Tor 
this purpose the microscope has practically 
to be converted into a telescope ; details of 
the necessary arrangement may be found in 
Spitta’s Microscopy, p. 203 (1907),, or in P. E. 
Wright’s Methods of Petrographic Microscopic 
Research, p. 39 (1911). (To the latter work 
the reader is also referred for a very detailed 
account of the apparatus and methods used in 
the exact microscopic measurement of the 
optical constants of a crystal ) With this 
arrangement any point on the field of view 
corresponds not to any special point on the 
section, but gives the total effect of all rays 
travelling through the section at a certain 
angle, the centre of the field corresponding, 
of course, to the effect produced by light 
parallel to the axis of the system and normal 
to the section. 

(i.) Uniaxial Crystals. — Let us consider first 
the behaviour of a plate cut from a uniaxial 
crystal perpendicular to the axis. Suppose 
the light to be diverging from S, and polarised 
to vibrate vertically {Fig. 14a), and let P 
represent the crystal section whose optic 
axis is in the direction of OS. Any oblique 
ray will emerge from the plate with a definite 
phase difference between its two perpendicu- 
larly polarised components. The phase dif- 
ference will vary with the angle of obliquity, 
assuming that the thickness of the plate, 
and the wave-length are constant. Hence 
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for a certain ray S_p the phase difference 
produced by the plate will have a value X, 
and when examined through an analyser the 
corresponding point in the field of view will 
appear dark. The locus of all points corre- 
sponding to rays passing through the plate 
with the same obliquity but varying azimuth, 
must by symmetry be a circle round 0 ; 
consequently there will be a dark circular 


P 


P 

O 


EiG. IIA. Fig. 14b. 

fringe visible marking a phase difference of X. 
Similarly, there will be other concentric circles 
marking the locus of points where the retarda- 
tion is 2X, 3X, . . . n\, their separation 
decreasing towards the edges of the field. 
Moreover, any ray l5nng in the planes parallel 
or perpendicular to the vibration direction of 
the polariser will not undergo resolution in 
passing through the plane, and will be cut out 




surface is formed by the revolution of a hyper- 
bolic curve about the optic axis. This surface 
is shown in Pig. 15, together with the more 
complicated form for biaxial crystals. Sections 
of a uniaxial crystal perpendicular to the optic 
axis show circular fringes, as we have already 




seen ; in sections parallel to the optic axis the 
intersection with the isochromatic surfaces 
will be hyperbolae. Photographs of the 
interference figures for uniaxial crystals are 
shown in Figs. 16 and 17. The case of quartz 
and other optically active crystals is worthy 




Fig. 16. 

entirely by the analyser. This will result in the 
field of view being crossed by dark rectangular 
diagonals parallel to the vibration directions 
of the polariser and analyser, and the appear- 
ance of the field will be similar to that shown 
in Fig. 14b. With “monochromatic light the 
^fringes will be black ; white light will give 
coloured fringes. The black fringes, known 
as isochromatic lines, represent the intersection 
with the crystal plate of the isochromatic 
surfaces, which are the loci in space of all 
points at which the phase difference is the 
same. For uniaxial crystals each isochromatic 


FIG. 17. 

of comment. The interference figure for 
quartz cut perpendicular to the axis is shown 
in Fig. 18. It will be noted that it resembles 
that of other uniaxial crystals except in that 
part representing rays travelling along or 
close to the optic axis. As will be shown 
later, the rotatory power of quartz leads to 
the deduction that a ray iiarallel to the axis 
is resolved into two circularly polarised rays 
which combine on emergence to form light 
polarised in a direction dependent on the 
thickness of the crystal. Except for certain 
thicknesses of quartz, therefore, the centre 
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of the interference pattern produced will show 
bright between crossed Nicols. 

(ii.) Biaxial Crystals . — In the case of biaxial 
crystals a section perpendicular to the acute 
bisectrix will show the isochromatic hues as 
a family of lemniscates enclosing the points 
corresponding to light travelling along the 
optic axes. These will be crossed by dark 
brushes, the position of which varies with the 



Fig. 18. 


position of the optic axial plane in the section 
relative to the vibration directions of the 
Nicols. Fig. 19 shows the appearance of the 
fringes when these directions are parallel ; 



Fig. 19. 


if the section is rotated through 46° the 
brushes become hyperbolae, whose vertices 
are at the points corresponding to the direc- 
tions of the optic axes {Fig. 20). If white 
light is used the effect is comphcated by 
dispersion of the optic axes and bisectrices. 

(iii.) Measurement of Optic Axial Angle . — It is 
this latter 45° position that is used for measur- 
ing the optic axial angle. By tilting the section 
about an axis in its plane perpendicular to the 
line joining the optic axial points, the position 
of the hyperbohc fringes is changed, and the 
tilt can be adjusted until ohe vertex lies on 


the cross wires of the microscope. Then rays 
parallel to the axis of the microscope must 
travel along an optic axis. If both vertices 



Fig. 20. 


are brought in turn on to the cross wires the 
angle of tilt between the two positions gives 
the angle between the optic axes in air. It 
may be necessary, if the optic axial angle is 
vrey large or very small, to use a hquid of 
high refractive index between the objective 
and the section, so that both axial rays can 
be brought normal to the field in turn ; by 
obtaining measurements in sections cut 
perpendicularly to the acute and obtuse 
bisectrices the actual optic axial angle m the 
crystal can be obtained.^ 

(iv.) Sign of Birefringence . — Mention must be also 
made of the use of a quarter-wave plate and a quartz 
wedge in determining from the interference figure the 
sign of birefringence of a crystal. Suppose a quarter- 
wave plate of mica is inserted between the analyser 



to the axis, the direction of fast vibration in the mica 
being along AA' {Fig. 21). A displacement of the 

^ For a full account of the methods of measure- 
ment employed and the mathematical relation 
between the apparent and true optic axial angles see 
F. F. Wright (toe. eit.), and Manual of Petrographic 
Methods, Johannaen, p. 102. 
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ring system will occur, adjacent quadrants expanding 
and contracting. If the crystal is positive the rings 
in quadrants A and A' will expand and those in B 
and B' will contract ; with a negative crystal the 
result will be reversed. This follows very simply from 
a consideration of the retardation at a point P, say, 
in the quadrant B. If P lies on BB' tlie retardation 
in the crystal will take place between rays vibrating 
parallel to OB and OA, and if the erystal is positive, 
OA will be the direction of faster vibration, which 
therefore coincides with the faster vibration direction 
of the mica plate. The retardations of the crystal 
and tlip mica will therefore be additive, and the total 
phase difference increased ; this will apply to all 
points in the quadrants B and B'. Hence a smaller 
thickness of the crystal will, together with the mica 
plate, produce a retardation of X, and consequently 
in these quadrants the fringes will close in towards 
the centre. In the alternate quadrants A and A' 
a corresponding decrease in the total phase difference 
will produce a movement of the rings away from the 
centre. 

With a biaxial crystal a similar effect is observed, 
and the closing of the curves in the quadrants joined 
by the direction of slow vibration in the mica plate 
again denotes a positive birefringence. The move- 
ment is not always easy to trace, however, and a 
better indication is obtained by the use of an elongated 
quartz wedge out with its line of greatest slope and 
its edges parallel to the optic axis. The section is 
placed with the trace of its optic axial plane at 46° 
to the vibration direction of the incident light, and 
the thin end of the wedge is inserted along the line 
of the optic axes. The faster vibration in the quartz 
is perpendicular to the long axis ; if the crystal is 
positive its direction of faster vibration is perpen- 
dicular to the axial plane ; hence the quartz and the 
crystal will have a subtractive effect, and the fringes 
will open as the wedge is pushed further in and a 
greater thickness of quartz is brought into ojseration. 
With a positive crystal there is a corresponding con- 
tmetion of the fringes as the wedge is inserted parallel 
to the line joining the optic axes. 

§ (19) Deteotioh and Measuuemeut of 
Strain nr Isotropic Materials. — An im- 
portant application of polarised light is its use 
in testing glass for strain. Brewster called 
attention to the production of birefringence in 
isotropic media by mechanical stresses, and 
later Clerk Maxwell ^ attacked the problem of 
a strained plate mathematically. A full descrip- 
tion of the methods used will be found else- 
where and will not be treated of further here. 

An analogous method is also employed to 
obtain quantitative measurements of stresses 
present in mechanical constructions, although 
at present the whole subject has hardly passed 
beyond the experimental stage. A comprehen- 
sive summary is given by Low in the Aero- 
nautical Jcmrnal, 1918, xxii., together with a 
full bibliography of other researches and 
publications. 2 The general method may be 
outlined here. 

’ Roy. Soc. Edin. Trans, xx. Part I. ; Scientific 
Payers, i. 30. 

* See also Roy, Inst, Proe,, 1916, x.iv., Lowry. 


A model of a mechanical construction is 
cut out of an isotropic medium ; glass has 
been used, but xylonite, although not so 
transparent, serves the inirpose better, inas- 
much as it is easier to work and can be 
obtained in thick sheets showing no strain, 
and resembles in its mechanical properties 
the actual metals used in the full-scale 
construction. The presence of stresses in 
the model causes the stressed portion to act 
as a birefringent medium, and transmitted 
hght is resolved into two rays polarised parallel 
and perpendicular to the direction of stress. 
The rays travel with different speeds, and as 
in the case of a thin crystal plate, the emergent 
hght ■ is coloured owing to the elimination of 
certain wave-lengths by interference. The 
tint produced varies with the retardation 
between the rays, which in turn is dependent on 
the amount of stress present. It is possible, 
therefore, by means of a block subjected to 
known stresses, to tabulate for any given 
thickness of the medium the stresses corre- 
sponding to the various tints produced, and 
from this table to deduce the stress present 
in any model giving a certain interference 
tint. A more accurate method of quantitative 
measurement depends upon the fact that while 
two sujierposed similar stresses have a simple 
additive effect if parallel, the total effect of 
two similar perpendicular stresses is propor- 
tional to their difference. Thus an unknown 
stress coloration may be balanced by super- 
posing a plate subjected to a stress of known 
amount and direction to produce between 
crossed Nicols a uniformly dark field. 

It is of importance to note that the bi-f 
refringence isdependent upon the stress present | 
and not upon the strain; a plate strained! 
beyond its elastic limit may show no optical* 
effect if the actual stress is removed. 

§ (20) Rotatory Polarisation (i.) Crys- 
tals, — When discussing the behaviour of 
crystals in the transmission of polarised light, 
the optic axis was defined as a direction in 
the crystal along which light travels without 
division of path. While in many crystals this 
is equivalent to a statement that polarised light 
travelling along an optic axis emerges from 
the crystal unchanged, some crystals, most 
notably quartz, have the power in the direc- 
tion of the axis of rotating the plane of polar- 
isation. AU such crystals, known as optically 
active substances, belong to those classes of their 
respective crystallographic systems which 
possess no plane of symmetry ; they are all 
enantiomorphous, all but one class possessing 
only symmetry of rotation about an axis, the 
other class possessing no degree of symmetry 
at all. With these crystals two forms are 
possible, each being the mirror image of the 
other, but not capable of complete identifica- 
tion with the other by any change of orienta- 
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tion. In all cases in which the two forms have 
been obtained it is found that similar plates 
of the two cut perpendicular to the optic axis 
rotate the plane of polarisation of transmitted 
light by equal amounts but in opposite direc- 
tions. The two crystal forms of quartz are 
well Icnown, and can be distinguished morpho- 
logically by the position relative to the 
fundamental prismatic and pyramidal faces 
of six pairs of small faces occurring three at 
each end of the crystal and known _in the 
Millerian system of notation as {412} and 
{412} . The second of ■ the pair is_ often 
absent, but the presence on the {412} face 
of striae p^aUel to its line of intersection 
with the {412} face indicates what would be the 
position of the latter if developed, and shows 
the right- or left-handed nature of the crystal. 

There is considerable confusion^ in the 
definitions given by various authors of “ right- 
handed ” and “ left-handed ” rotation of the 
vibration plane ; this, no doubt, is due partly 
to the fact that the convention adopted is 
based on the aspect of the phenomenon as it 
appears to an observer, and is not descriptive 
of the motion talcing place along the path of 
the ray itself. An optically active substance 
is said to produce right-handed rotation, or to 
be dextro-rotatory, when to an observer looking 
along the path of the light towards its source 
the vibration direction is rotated in a clock- 
wise direction ; if the rotation is counter- 
clockwise the substance is said to be laevo- 
rotatory. 

Examples of crystals possessing rotatory 
power are found in the various crystal systems ; 
sodium clilorate and sodium bromate, crystal- 
lising in the cubic system, and therefore 
possessing no unique axis, show optical 
activity to the same extent in all directions ; 
sulphate of strychnia, a tetragonal crystal, 
and the double sulphate of potassium and 
lithium which belongs to the hexagonal 
system are other examples, while cinnabar, 
a trigonal crystal, shows a rotatory power 
nearly twenty times as strong as that of quartz. 

(ii.) Liquids and Gases . — Many optically 
active crystals lose their power when in solu- 
tion, or when in a non-crystalline state ; quartz 
in solution in potash or in a fused amorphous 
state is inactive, but sulphate of strychnia is 
an exception to this rule, and shows activity 
both when crystalhne and when dissolved. 
This power is shared by many organic liquids 
and solutions of organic compounds ; in the 
process of other investigations Biot accident- 
ally discovered the laevo -activity of oil of 
turpentine, and on inquiring further into the 
matter found that a similar activity was 
displayed by many other liquids. The rota- 
tory power of sugar solutions is well known, 

^ See “ Polarimetry,” § (1); “Quartz, Optical 
Rotatory Power of,” § (1). 


and forms the basis of the universal method 
of testing and examining sugars. [A separate 
article dealing with polarimetry and sacchari- 
metry will he found elsewhere, to which 
reference may be made for full informa- 
tion on the subject.] Substances which are 
optically active in solution were found by 
Biot to retain their power in the sohd state 
if they did not crystalhse ; since aU these on 
solidification formed biaxial crystals, the signs 
of rotatory power were completely masked by 
birefringent effects. Later work by Pockling- 
ton 2 and Dufet * on cane-sugar and various 
salts crystallising in the rhombic and mono- 
cHnic systems has demonstrated the presence 
I of optical activity in the crystals and the 
possibility of measuring its value along an 
optic axis. Biot further showed that the 
transformation of a substance to a gaseous 
state does not destroy its optical activity, 
and later Gernez ^ proved by experiment that 
the rotatory power of a certain tube-length 
of vapour is equal to that of the column of 
equal cross-section of liquid into which it 
condenses. 

§ (21) Optically Active Sobstakoes. (i.) 
Rotatory Power. — Apparently, then, there are 
two classes of optically active substances; some 
substances, bice quartz, depend for their power 
on* their crystalline state, that is, presumably, 
on the grouping of the molecules forming their 
crystals, while in others the rotatory power 
appears to be an inherent property of each 
molecule, since their separation by solution 
or vaporisation does not affect the power. 
Tliis conception led to the introduction of 
the term “ molecular rotatory power ” ; if a 
solution of density d containing p grams of 
an optically active substance in q grams of 
solvent is contained in a tube I decimetres 
long, and if R is the angular rotation produced 
by the tube, 


pd/{p + q) being the amount by weight of the 
substance in unit volume of the liquid, (p) was 
taken to be a constant for the substance for 
any specified temperature and wave-length, 
and was denoted by the molecular rotatory power 
or specific rotation of the substance. Putting 
q=0 and i! = l, (p)=R/d; hence the molecular 
rotatory power may be more specifically 
defined as the angular rotation of 1 decimetre 
of the substance in the pure solid state divided 
by its density. This is the definition which 
should be adopted, for Biot showed that the 
angular rotation produced is not strictly 
proportional to the amount of substance 

» Phil. Mag^ 1901, ii. 368. 

“ Jour, de Phjjs., 1904, iii. 757 ; Bull. Soc. Fran, 
de Min., 1904, xxvii. 156. 

■■ Soc. Phi/s. SSanccs and Comptes Rendus — many 
publications between 1887 and 1892. 
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present. Landolt,’^ after careful investigation, 
deduced the formula 


R=A + B2 + Cg'S 


where R is the rotation produced by 10 cm. of 
a solution containing q parts by weight of 
the solvent in 100 parts by weight of the 
solution, A is the molecular rotatory power 
of the pure substance, and B and 0 are 
constants to be determined for each sub- 
stance and solvent by observations on 
solutions of different strengths. It should 
be possible, if B or C is negative, for the 
same solution to exhibit positive and negative 
rotation at different concentrations, and this 
has been shown to occur in the case of malic 
acid, which is dextro-rotatory in concentrated 
solutions, and laevo -rotatory when dilute, a 
solution containing 65‘7 per cent of water 
being inactive. 

The effect of temperature on the angle of 
rotation is considerable, and is of importance, 
especially in connection with polarimetric 
work ; it will be treated under that head, 
therefore, and not further described here. 

(ii. ) F ariation ivith W ave-length of Light . — The 
variation of the rotation with wave-length is, 
however, of more far-reaching importance. 
Biot’s observations led to the result that the 
angle of rotation is approximately inversely 
proportional to the square of the wave-length. 
From Biot’s figures for quartz Stephan pro- 
posed the empirical formula 


R: 


1 - 581 - 1 - 


0-80403 


which gives results in fair accordance with 
the observed values, the first term representing 
the amount of departure from the inverse 
square law. Boltzmann ® suggested the addi- 
tion of a fourth order term to Biot’s simple 
proportion formula, putting 


•R _ , ^3 , 


which yielded more accurate results and was 
applicable to substances other than quartz. 

More modem investigations of the problem 
have led to the development of equations of 
the form 

R=fc + ^-r:7^-i-^^rz5^s+ • • 


where k, J-g, . . . Xg, . . . are constants 
on which the properties of the medium depend. 
This expression with the five constants indi- 
cated has been verified to a high degree of 
accuracy by Lo-wry.® 

^ Berichte der Deutschen Ckemischen Oesellschaft, 
.1880, xiii. 2320. 

“ Po!jg. Annul., 1874, 128. See also Peddie, jRoy. 
Soc. Edinburgh Proc., 1882, xi. 815. 

“ Phil. Trans. Roy. Soc., 1912. A, eexii. 201. Sec 
also “ Quartz, Optical Rotatory Power of.” 


§ (22) Applications, (i.) General . — This 
variation of rotation with wave-length affords 
a simple means of distinguishing between 
right- and left-handed rotatory power. If 
plane polarised white light is transmitted 
through an optically active substance, any 
orientation of the analyser can only eliminate 
light of one wave-length, so that the final 
beam may show any tint contained in the 
Newton scale of interference tints. Since 
violet light suffers greater rotation than the 
rays of longer wave-length, the colour produced 
by a dextro-rotatory substance will change 
from the shade complementary to red to the 
shade complementary to violet as the analyser 
is given a clockwise i-otation. The sequence 
will be reversed if the substance is laevo- 
rotatory, and a clockwise rotation of the 
analyser will produce a change from a reddish 
tint through the so-called “ transition violet ” 
to bluish green. The transition violet marks 
the point at which the most intense part of 
the spectrum, the yellow region, is eliminated ; 
a -very slight rotation of the analyser is 
sufficient to cause a marked change of colour 
at this point, to red on the one side and to 
blue on the other. 

(ii.) Biquartz . — This sudden change has been 
utilised in the Biquartz plate, which is of 
great use in setting the planes of analyser 
and polariser accurately perpendicular, or 
in detecting very small amounts of rotation 
of the vibration plane. The biquartz consists 
of two equal plane - parallel semicircular 
plates cut perpendicular to the axis from riglit- 
and left-handed quartz crystals, and cemented 
together to form a circular plate. The thick- 
ness of the plate is designed to produce 
the transition violet tint when placed between 
two Nicols ; if the thickness is 3-75 mm. the 
tint is produced between parallel Nicols, 
while a plate of double this thickness gives 
the same effect with crossed Nicols. A rotation 
of the vibration plane of the analyser, or of the 
incident light, tends to produce a change in 
the colour of one half of the plate towards 
red of the first order of Newton’s scale, and 
in the other half to a blue or green of the 
second order, and the juxtaposition of the 
two halves makes it possible to detect a very 
small alteration of the vibration direction. 
If the biquartz is used with sodium light 
there will be a corresponding difference of 
intensity produced between the two halves, 
which affords an almost equally sensitive 
test. 

A single quartz plate cut from either a 
right- or a left-handed crystal, and producing 
between crossed Nicols a uniform transition 
violet colour, sometimes known as a Biot 
quartz plate, may be employed instead of a 
g 3 rpsum plate, the. use of which has been 
described in dealing with the microscopic 
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examination of double refraction in crystal 
sections. 

(iii.) Theoretical Considerations. — has been 
suggested that optically active crystals owe 
their power to the arrangement of molecules 
in the crystal. Further support was lent 
to this theory by Reusch, who successfully 
imitated a plate of quartz cut perpendicular 
to the axis by a pile of thin mica plates so 
arranged that their maximum velocity axes 
formed a spiral. The thinner the plates and 
the greater their number, the more complete 
was the imitation. Later Ewell ^ showed that 
a similar effect is obtained by passing bght 
along the axis of a twisted cylinder of gelatine. 

In the case of liquids, solutions, and gases, 
where no definite arrangement of the molecules 
can be postulated, it is of importance to note 
that in all cases the optically active substance 
contains the tetravalent carbon atom, and it 
is an obvious inference that just as similar 
molecules may be grouped together to form 
crystals related to each other as obiect and 
mirror image, so the four atoms or univalent 
groups of atoms linked to the central carbon 
atom may be arranged in two distinct ways 
to produce molecules similarly related, Le 
Bel and Van’t Hoff ® explained the occurrence 
of dextro- and laevo-rotatory liquicfe along 
these lines. 

It is impossible here to enter into a full 
theoretical discussion of the phenomenon of 
optical rotation ; a complete explanation has 
been advanced from the standpoint of the 
electromagnetic theory, and is to be found 
in various advanced text-books, more espe- 
cially that of Drude,® whose treatment is 
followed in outline by R. W. Wood * (see 
“ Quartz, Optical Rotatory Power of ”). 

An explanation must necessarily involve a 
more precise knowledge of the nature of the 
vibrations that are transmitted along the 
optic axis of a rotatory crystal. The earliest 
information on this point, due to Fresnel, 
was based on the fact that circularly polar- 
ised light passes unchanged along the optic 
axis of a quartz crystal. A linear vibration 
may be regarded as the equivalent of two 
superposed and oppositely described circular 
vibrations of equal period and amplitude. 
Fresnel assumed that plane polarised vibra- 
tions, on entering a crystal along the optic 
axis, are resolved into two such circular 
vibrations, one of which travels with a greater 
velocity than the other. It is easily shown 
that in such a case, if the vibrations emerge 
from the crystal at the moment when one is 
retarded by half a wave-length relatively to 
the other, they wiU compo-und to form a 

' Am. Journ. Sci., 1899, viii. 89. 

Soc. Chim. Bull., 1874, ii. 22, 337. 

“ Lehrbuch der Optilc, 1900, p. C38, liingl. traps., 
1920, p. 400. 

* Physical Optics, E. W. Wood. 1914. 


linear vibration whose direction is at 90° 
with that of the incident light, that is to say, 
the crystal has caused a rotation of the plane 
of polarisation by 90° in the direction of 
rotation of the faster moving vibration. 

(iv.) Fresnel's Compound Prism. — This simple 
theory explains the dependence of the angle 
of rotation upon the thickness of the medium 
traversed and upon the wave-length of light ; 
moreover, Fresnel was able to demonstrate 
the real existence of two circularly polarised 
rays within a crystal by showing that they 
were capable of complete separation and 
could each be analysed after leaving the 
crystal. This he accomplished by building 
up a compound rectangular block of alternate 
prisms of right- and left-handed quartz {Fig. 
22). At each interface the refractive indices 



for the fays are interchanged, since the slower 
travelling ray in right-handed quartz becomes 
the faster moving ray in left-handed quartz, 
and the obliquity of the interfaces is so 
arranged as to increase the consequent separa- 
tion of the rays at each refraction, until the 
emergent rays are completely separated. On 
analysis by means of a quarter-wave plate the 
rays are found to be circularly polarised in 
opposite directions. 

It may be noted in passing that precautions 
have to be taken in the construction of quartz 
prisms for spectroscopic work to eliminate 
this separation of the rays. Cornu showed 
that a 60° prism will produce a separation of 
27" between the rays of sodium fight travelling 
along the optic axis, but by using a prism 
composed of two similar halves of right- and 
left-handed quartz the separation produced in 
the first half is exactly neutralised by that 
produced in the second half, and this is the 
common type of prism in use at the present. 

(v.) Form of Wave-surfaces in Quartz. — This 
phenomenon of double refraction along the 
optic axis of quartz necessitates a modification 
in our conception of the wave-surfaces within 
the crystal. The sphere and spheroid which 
in inactive uniaxial crystals touch at the 
extremities of the axis are not in similar 
contact in the case of quartz. Moreover, it 
has been shown that in addition to an increase 
in velocity, or a decrease in refractive index, 
for the ejrtraordinary ray as its inclination to 
the optic axis decreases, there is a very slight 
increase in the velocity of the ordinary ray, 
only noticeable when its inclination to the 
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axis is very small, so that it appears that in 
the case of quartz the extraordinary wave- 
front is slightly depressed, and the ordinary 
wave-front elongated, in the direction of the 
optic axis. 

(vi.) M'Oullagh's Theory . — A mathematical in- 
vestigation of the double refraction of quartz in all 
directions was published by Airy in 1831.^ As his 
hypothesis ho assumed that for the general ease both 
rays were elliptically polarised, with their major axes 
perpendicular and parallel to the principal plane of the 
crystal, that the rotatory vibrations were in opposite 
directions, and the ratio of their axes was equal, 
becoming unity when the rays were parallel to the 
optic axis and infinity when perpendicular to the 
axis. Five years later M'Gullagh attacked the 
problem again, and, starting with the ordinary 
differential equations representing wave-motion, 
introduced arbitrary modifications which made them 
inclusive of the effects of rotatory power. 

The ordinary equations are: 

5®? ,,52$ 52^ 32^ 

5l2 ^ dz^’ 542 ^ 5z2’ 


where $, t] are the displacements in a plane per- 
pendicular to the optic axis of a particle whose 
ordinates are x, y, and z relative to the same axes, the 
optic axis coinciding with the z axis ; b is the velocity 
of propagation of the wave-front along the axis. 
To these M''Cullagh added an arbitrary term, giving 
the equations the form 


542 


5z^'^ dz^’ 81 ^ 8 z^ 8 z?‘ 


This addition was justified by his obtaining equations 
for the motion of the two rays representing right- 
and left-handed circular vibrations, and his resulting 
expression for the rotation, 

2Tr2cV2 


shows it to bo inversely proportional to square of' 
the wave-length X, if V, the velocity of the ray within 
the medium, is constant, that is to say, if disper- 
sion is neglected. The constant c, which is shown 
to be very small, is positive in a dextro-rotatory, 
and negative in a laevo-rotatory crystal. The full 
investigation is to be found in Verdet’s Legons 
Toplique physique, vol. ii., together •with a biblio- 
graphy of other -writings on the subject published 
prior to 1866. A more modem treatment by Drude, 
based on the electromagnetic theory, is contained 
in the latter’s text-book on Optics which has already 
been mentioned. a -n t> 


Polarised Light, Methods oe Production 
OF. See “ Polarised Light and its Applica- 
tions,” § (8). 

Polish of an Optical Surface, discussed by 
Lord Rayleigh. See “ Optical Parts, The 
Working of,” § (5). 

Regarded by Beilby as a rearrangement or 
glow of the surface molecules. See ibid. 
§ (5). 

* Cam.b Phil. Soc. Trans., 1831, iv. 79. 


Polishing, Times of, with typical polishing 
materials under specified conditions, 
tabulated. See “ Optical Parts, The 
Working of,” § (8). 

With a variety of materials, when using a 
particular polishing medium, under speci- 
fied conditions, tabulated. See ibid. § (8). 

Polishing Materials. See “ Optical Parts, 
The Working of,” § (8). 

Polishing Optical Surfaces, Tools for. 
See “ Optical Parts, The Working of,” § (9). 

Portable Photometers. See “ Photometry 
and Illumination,” § (61) et sqq. 

POSITION-FINDER, THE MIRROR 

§ (1) General Principles. — In the develop- 
ment of the theory and practice of anti- 
aircraft gunnery it became necessary to 
employ some rapid and accurate means of 
determining the path, or the position at any 
moment, or the velocity, of an object in the 
air. To meet this need the mirror position- 
finder was designed early in 1916. This 
instrument, however, gave satisfactory results 
only at high angles of elevation, above (say) 
35°, and at the end of that year the window 
position-finder was designed to deal -with the 
lower angles. The principle of either instru- 
ment is the same, and together they make 
it possible to record the positions or move- 
ments of aerial objects, from the vertical to 
the horizontal. The principle is illustrated most 
simply by Fig. 1, in which GK, G'K.'' represent 
two rectangular sheets of glass lying in the 
same plane, but at a considerable distance 
apart. At A^, A^', are two small apertures 
through which observers can look at a distant 
object, P, on the further side of the glass. 
Each aperture is at the same distance, h, 
from the glass, and the distance, B, between 
Aj and Aj' is known accurately. Perpendi- 
culars from A^ and A^' meet . the glass at 0 
and O'. The observer at A^ marks on the 
glass at m the apparent position of the object, 
P ; the observer at A^' does the same at m'. 
If the positions of m and mf relative to 0 
and 0' are determined, the two lines A^m 
and A-i'm' are fixed and a simple calculation 
gives the position of P. 

If the glass sheets are horizontal and the 
eye apertures are placed as sho^wn at A^ and 
A^', it is necessary for the observers to look 
upwards. This is inconvenient, and the diffi- 
culty is avoided in the mirror position-finder 
by the use of horizontal mirrors. The 
apertures, A and A', are placed above the 
mirrors, each at a height h, and in such a 
way that A^ is the image of A and A^' that 
of A'. The observers look downwards at the 
images of P in the mirrors. In the window 
position-finder the glass sheets are vertical 
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and the observers look through them in the 
manner described above. 

§ (2) Description. — The mirror position- 
finder consists of two horizontal plane mirrors, 
etched on the silvered side in centimetre 
squares, mounted — ^if possible at the same 
level — at the ends of a base of measured 
length B, aligned accurately on one another 
and carefully levelled. The stations (which 
we will call O and O') are connected by tele- 
phone ; the observer at each station wears 
a receiver on his head and holds a microphone 
in his left hand. Each mirror is provided 
with a movable stand, carrying an aperture 



after the observations are completed, a pair of 
suitable axes is inked in on the glass, and a 
piece of absorbent (“ Roneo ”) paper laid over 
it. The results can then be measured up and 
the appropriate calculations made subse- 
quently. 

The aperture is placed vertically above the 
intersection of two suitable rulings on the 
glass, by looking through it and placing its 
image on that intersection. The positions of 
the dots recording the position (or rather the 
direction) of the object are expressed in 
Cartesian co-ordinates, measuring from the 
point on the mirror vertically below the 
aperture, z being the distance in centimetres 
parallel to the base, and y the distance per- 
pendicular thereto, x' and y' being corre- 
sponding co-ordinates of the dot made at the 
other station O'. The position of the object 
in space is expressed similarly in Cartesian 
co-ordinates and referred to the same two 
, axes, being {X, Y, H} as measured from 0, 
and {X', Y', H} as measured from O'. It is 
assumed that X, X', x, z', are all measured 
towards the other station, that the co-ordinates 
of the object in space are very large compared 
with those of its image in the mirror, and 
that the stations are at the same level. It is 
obvious then from considerations of similarity 
(see Fig, I) that the foUowdng relations hold : 

X Y H X' Y' X-f-X' B 


X y li x' y' x-i-x' x+x'’ 


since 

X-i-X'=B. 


Hence 

X— 

x + x' 

> 


y = _S!?_ 

x + z' 

9 


z + x 


and 

y=y', since 

clearly Y=Y'. 


at height h above the mirror: it is best to 
employ a skeleton aperture so as to impede 
the view as little as possible. The observer 
looks through the aperture at the reflection 
in the mirror of the object which he desires 
to observe, and notes with a pen on the surface 
of the glass the position of the image at any 
desired moment or series of moments, care 
being taken to put the real point of the pen, 
and not its image, on the image of the object. 
Simultaneous observations are made at both 
stations, and from these observations the 
position of the object can be simply calculated. 
The ink used should be of the non-drying 
variety (made with glycerine), both to ensure 
that the pen marks when required and to 
enable a permanent record to be made of 
the observations. For the latter purposes, 


The formulae for X, Y, and H enable the 
position of the object in space to be ealculated 
by simple arithmetic and without the use of 
trigonometry. The relation y=y', on the 
other hand, is a valuable check on the observa- 
tions, and may be employed also to determine 
simultaneous points on two continuous records 
(one at each station) of the path of an object 
in space. Indeed the “ equality of the y’s ” 
enables the eomplete track of an aeroplane or 
other aerial object to be calculated without 
any means of ensuring simultaneity of observa- 
tion, the two complete records being co- 
ordinated with one another merely by taking 
points with equal y’s. The method, of course, 
breaks down when the path of the object is 
parallel, or nearly parallel, to the bas^. The 
“ equality of the y’s ” has a third value in 
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enabling the observer at one end of the base 
to point out objects to the distant observer, 
so enabling him, for example, to discriminate 
between different aeroplanes, or different 
shell-burstsi or different parts of a cloud. 

§ (3) The Observations. — The method of 
observation is not difficult : it involves one of 
the most refined and highly developed of 
human faculties — the accurate adjustment of 
hand and eye — and so enables the record to 
be made with quickness and precision. The 
rulings on the glass are a groat assistance in 
accurate observation, by enabling -the eye and 
brain to “ fix ’’ the direction of the object 
at any desired moment, and so to note it 
with the hand without undue hurry. With 
every precaution taken, good glass for the 
mirrors, telescopes for alignment, sensitive 
spirit-levels for levelling, fair visibility, and 
tramed observers, experience at Portsmouth 
during the war in recording the positions of 
shell-bursts in the air showed that the probable 
error of one observation was not more tlian 
OT or 0-2 mm. in x or y, an error corresponding 
usually only to a few feet in the calculated 
position of the object. The most serious 
error indeed, unless special precautions bo 
taken, is caused by unevenness in the glass, 
which should be chosen (or bettor, manu- 
factured) as flat and as parallel-sided as 
possible. 

§ (4) Ceometrioal Properties. — The 
mirror position -finder possesses several useful 
geometrical properties in addition to the 
“ equality of the y’s.” For example, if, as is 
common, an aeroplane be flying at a constant 
height the track on either mirror is exactly 
similar to the track in space, I’oduced in the 
ratio /i/H. Or again, the height is given by 
the simple formula B/i/(x-hz'), thus it is 
inversely proportional to the sum of the x'b. 
Or again, the velocity of a horizontally moving 
object (such as a puff of smolco in the wind) 
is exactly the same as that of its image, 
recorded at measured intervals on the glass, 
multiplied up in the ratio of H//i. If, there- 
fore, H be known, as, for example, in the 
case of a shell flrod to burst at a Icnown height, 
the speed and direction of the wind at that 
height can bo determined at once merely by 
recording the motion of the imago in one 
mirror of the smoko from the shell. 

§ (6) The Window Position-finder. — 
This is similar to the mirror instrument in 
principle, the whole system of glass and 
aperture being revolved through 90“ about 
the base line, the mirror in this case being 
replaced by ruled transparent glass, and the 
observer noting the direction of the object 
in ink on a vortical window instead of on a 
horizontal mirror. The practical working 
details of the instrument are different, and 
observation is not quite so easy or accurate, 


but the theory and the calculations remain 
the same. The geometrical peculiarities of 
the record of an object flying at a constant 
height of course no longer obtain. The 
instrument may bo used for the accurate 
observation of objects or events in the sen 
or on the ground, as well as for aerial observa- 
tion. 

§ (6) Uses op the Position - finder. — 
The instruments described have boon employed 
for a variety of jiurposes : 

(1) For determining the height, position, 
path, or speed of an aeroplane flying hori- 
zontally or in any manner required. 

(2) For determining the position in space 
of a shell bursting in the air. 

(3) For determining the point of impact of 
a shell striking the smi. 

(4) For determining the velocity and direc- 
tion of the wind at any height desired, by 
firing a shell to burst at that height and 
making timed observations on the path of 
the smoko ; in this way observations of tho 
wind have boon made at heights up to 35,000 
ft., and of speeds up to 116 miles per hour. 

(6) F'or determining tlie height, direction of 
motion, and speed of a cloud. 

The mirror and window position-finders 
have boon and are employed by tho British 
military, naval, and flying services for gun 
trials of various kinds, for recording anti- 
aircraft practices, for dotormining tho height, 
speed, or jiosition of aircraft, and for measur- 
ing tlie velocity and direction of tho wind 
at various heights. The U.S. Army also liavo 
erected a number of stations at their Aberdeen 
Proving Ground in tho C]iosai)oako Bay. 

A. v. II. 


Position Fixino, Methods of, ft)r ships at sea. 
See " Navigation and Navigational Instru- 
monts," § (17). 

Positive Rays ; a stream of positively 
charged atoms travelling mainly towards 
the cathode when an olootrio discharge is 
passed in an evacuated tube. See “ Radio- 
logy,” § (S). 

Pot Fhrnaoes for Meltino Glass. See 
“ Glass,” § (15) (i.). 

Potash, Use of, in Glass Manitfaotube. See 
“ Glass,” § (6) (ii.). 

Potash Lead Glass, presonoo of chlorides or 
sulphatoB leads to oloudiness. See ” Glass, 
Chemical Decomposition of,” § (1). 

Potash Lime Glass. See ” Glass, Cliomical 
Decomposition of,” § (1). 

Power of a Lens, the reciprocal of its focal 
length. For methods of determination see 
“ Lenses, Tho Testing of Simple.” 
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POYKTEsro’s PoLARiMETEB. See “ Polari- 
metry,” § (11) (i.). 

PeEECE iLLTTMINATIOSr PHOTOMETER. See 

“ Photometry and Illumination,” § (55). 
Pressed Glass, Manufacture of. See 
“ Glass,” § (18) (vi.). 

Pressure (and Temperature), corrections 
to refractometric measurements. See 
“ Spectroscopes and Refractometers,” § (17). 
Principal Foci. See “ Objectives, Testing 
of Compound,” § (1) ; also “ Lenses, Theory 
of Simple,” § (3). 

Principal Points and Planes of a Lens. See 
“ Objectives, Testing of Compound,” § (1) ; 
also “ Lenses, Theory of Simple,” § (5). 
Prism (Optical). For formulae governing the 
refraction of light by a prism see “ Spec- 
troscopes and Refractometers,” § (2) et 
. seq. ; for adjustments see § (7). 

Defects of, see “ Goniometry,” § (5). 

Prism Spectrographs, Wave - length 
Measurements with. See “ Wave-lengths, 
The Measurement of,” § (5). 

Prisms, Polarising, Nicol and other Forms 
OF. See “ Polarised Light and its Applica- 
tions,” §§ (10) and (11). 

PROJECTION APPARATUS 

§ (1) General. — ^Projection apparatus may be 
broadly defined as apparatus in which a source 
of light is associated with an optical device to 
produce localised distant illumination. Most 
light sources send out light more or less 
equally in all directions, and it is evident that 
if an optical device can be employed to bend 
the rays aU into one direction, it should be 
possible to increase the volume of light passing 
in that direction enormously, and so ensure 
a degree of illumination at a great distance 
in that direction only, which would be equi- 
valent to the illumination produced by the 
naked source alone at points comparatively 
near to it. 

If the theory of projection apparatus is to 
be understood, it is necessary to investigate, 
first, the general theory of illumination, and 
secondly the theory of optical devices for 
bending the ray paths. Now the broad 
principles underlying both these are quite 
simple, and yet there is the profoundest 
ignorance as to the limitations of projection 
apparatus amongst otherwise well-informed 
people ; such ignorance, for instance, as caused 
numberless inventors in all seriousness to 
propose that airships could be set on fire 
by concentrating the rays of a searchlight 
upon them. The object of this article is to 
explain the broad principles underlying the 
theory and practice of projection apparatus 
in the simplest possible way. 


To begin with the theory of illumination ; 
this obviously involves the measurement of 
brightness, and though accurate measurements 
in the laboratory are made with the aid of an 
instrument called a photometer, yet this is 
only a mechanical device to assist the eye. 
Ultimately the eye is the instrument that is 
used to compare one brightness with another, 
and the essential theory of illumination can 
best be discussed from the point of view of 
whai the eye sees at any given point. 

To be exact, no human eye can verify the 
illumination produced by a source of light 
at any given point of space ; it can only 
form an estimate of the total amount of light 
energy from that source passing through the 
iris aperture, which has very definite though 
variable size. 

For results to be strictly comparable, 
therefore, a “ hypothetical eye ” must be 
assumed with a small fixed iris-opening, 
capable of examining and estimating the 
illumination produced by the brightest sources 
without fatigue or dazzle. It will also be 
convenient to assume that this “ hypothetical 
eye ” has an infinite capacity for seeing detail 
so that it would recognise the shape of even 
the most distant sources. In what follows 
the term “ eye ” will be used as signifying 
an organ with these extended powers. 

§ (2) Definition. — ^It is desirable at the out- 
set to get rid of that meaningless* abstraction 
a “ point of light.” There is no such thing as 
“ a point of light.” Light cannot be obtained 
except from an incandescent source of definite 
and measurable size, and the theory of illumina- 
tion can never be understood until this element- 
ary fact has been clearly grasped. Light is a 
form of energy which is emitted from incan- 
descent surfaces. Any particular surface will 
only emit visible light when raised to a certain 
minimum temperature ; and after that 
temperature has been passed, it will emit 
more and more light as the temperature is 
raised. Surfaces made of different materials, 
but otherwise identical, when raised to the 
same temperature will usually emit quite 
different amounts of light per second. 

The term “ intrinsic brightness ” is usually 
applied to the measure of this light-emissive 
power per unit of area of surface, and it is 
generally quoted in candle-power per square 
inch. 

The fundamental fact on which the whole 
theory of illumination depends is that each 
element of any surface raised to a uniform 
temperature, and emitting light in consequence, 
appears always of the same brightness at 
whatever angle or from whatever distance it 
is viewed. Thus a uniformly bright surface 
appears to the eye simply like a flat sheet of 
brightness having a certain definite “ apparent 
size and shape.” For the sake of clearness 
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the “ apparent size and shape ” for any 
“ view point ” may be defined as the actual 
size in square inches and shape of a flat sheet 
which, when placed one foot from the eye 
with its plane perpendicular to the lino of siglit, 
exactly obscures the incandescent source or 
appears to coincide with it in shape and size 
as seen from that “ view point.” 

It follows that the illumination produced 
at any point is proportional to the “ intrin- 
sic brightness ” of the incandesceirt surface 
and to its “ apparent size,” since 2 square 
inches of flat glowing surface at 12 inches 
distance must produce double the illumination 
of 1 square inch of surface glowing with 
equal brightness at the same distance. 

The unit of illumination is knoAvn as a 
foot-candle and is the illumination produced 
by an incandescent sheet of unit “ intrinsic 
brightness ” at a point at which it has unit 
“ apparent size.” 

Again, the same sheet raised to a higher 
temperature will appear brighter ; in fact, the 
“ intrinsic brightness ” of any particular 
material is a measure of its 
temperature ; Imt different 
substances raised to the same 
temperature will glow with 
different brightnesses. The 
illumination produced, how- 
ever, at any given standard 
distance can be made the same 
by increasing the size of the 
less bright material so as to compensate for its 
smaller “ intrinsic brightness.” 

While, however, the illumination produced 
by a large gently glowing sphere may bo of 
exactly the same intensity as that produced 
by a tiny intensely bright sphere, yet the two 
sources act very differently when associated 
with an optical device for projecting a beam 
locahsod in a certain direction. 

§ (3) Optics of Illuminatio-n.-— ’It is the 
peculiar function of optical devices that 
they can entirely alter the apparent shapes 
and sizes of sources as seen from certain 
directions, but they can never malto them look 
brighter. Owing to transmission losses—- 
colour in glass, or imperfect rollectivo power 
— they may make the source look less bright, 
but the variation in intensity of illumination 
produced in certain directions by an optical 
projector is simply due to its capacity to 
make the source look larger or smaller in those 
cUreotions. Thus, an inoan descent sphere 
S {Fig. 1) placed behind a plano-convex con- 
denser may appear when seen through the 
lens L as of apparent size E instead of e, 
which would be the apparent size of tlio 
source as seen through a thick piano plate of 
glass in place of the lens L. The brightness 
of the source as seen through the parallel 
plate is exactly the same as the brightness of 


the magnified source when seen through the 
lens instead of the parallel plate, and this 
brightness is necessarily slightly less than the 
brightness of the naked source, owing to 
absorption and transmission losses in passing 
through the glass. 

From tlio foregoing it is evident that there 
is a very definite limit to tlio intensity of 
illumination that can bo produced by any 
projector (if given size using a source (if given 
“ intrinsic, brightness.” The very highest 
efficiency for such a projector is tliat the 
whole front window or aiiorture (if the pro- 
jector, as seen frciin a distant poitit, shall be 
filled ((it flashed) with the “ intrinsic bright- 
ness ” of the source. This is termed a 
“ complete flash.” 

When only certain parts of the fivint 
aperture are seen as of the same “ intrinsic 
brightness ” as the source (loss . ordinary 
transmission losses), then tlio jirojector is said 
to afford a “ partial flash.” This latter term, 
it should bo noted, ajiplios not only t(i systems 
leaving daik patohos in the front aperture, but 


also to systems in which certain areas of the 
front aperture are soon filled with a coloured 
flash, duo to the “ ])artinl flashing” of certain, 
primary colours causing such constituunts to 
he absent in those areas. 

It will 1)0 noted that the condition for a 
“ oomploto (lash ” will bo satisfied if the ray 
directions traced from the eye through every 
point of the optical system are so bent and 
defleotod that they all concentrate on to the 
source. Since a distant view |)oint is assumed, 
such ray directions form a system of ju'actioally 
parallel linos at the projector. It will be soon, 
therefore, that, for maximum efficiency with 
a source of minimum, size the optical system 
must bo de.signcd to bond parallel ray direc- 
tions, so that they all pass through, or at 
least extremely near to, a fixed point termed 
the “ focus.” 

If then a small source bo placed at that 
“ focus ” tliere will bo one direction in which 
a relatively powerful beam will be projected. 
If, however, a source of the same candle-power 
but -rJTrih the apparent size, as seen from 
the projector, bo placed at the “ focus ” of 
the same projector, since its “ intrinsic 
brightness ” must be 100 times as groat to 
make it the same candle-power, the beam 
projected will bo 100 times as powerful, 
always provided tlie projector is efficient 
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enough to afford a “ complete flash ” in both 
cases. If, however, the second source be 
increased in size while remaining of the same 
“ intrinsic brightness,” no increase in the 
illumination produced in that particular 
direction will take place as a result of such 
increase in size, however great it may be, 
because the same-sized optical system affords 
a “ complete flash ” in either case. 

It will naturally be asked, “ Where then 
does all the increased light energy go to, if 
the intensity of the beam remains unaltered 
when a source of much greater candle-power 
is substituted ? ” The answer is that the 
beam projected fills a greater angle, so that if 
thrown on a distant white screen it will 
afford a “ light patch ” of bigger area. Por 
aU view points on the screen at which the 
optical system affords a “ complete flash,” 
the illumination produced will be the same, 
whether the source be large or small, always 
assuming the same “ intrinsic brightness ” for 
the source. 

It is convenient to investigate projected 
beams by noting the shape and general 
intensity of the “ light patch ” projected 
on a distant white screen, and so it will make 
the argument clearer if the projected beams 
are considered in terms of the “ light patch ” 
received on a perfectly efficient white screen 
placed at some definite standard distance 
from the projector — a distance that shall 
be very large in comparison with the size 
of the projector. At whatever angle it is 
viewed, such a screen would make the bright- 
ness of the “light patch” at any point always 
strictly proportional to the illumination pro- 
duced at that point by the projector. Each 
element of such a screen covered by the 
“ light patch ” would act hke a self-luminous 
surface and send out light equally in all 
directions. 

If, instead of the flat screen placed at 
standard distance from the source, a large 
hollow spherical screen of some definite 
standard size be imagined extending all 
round the source with the source at its centre, 
it will be seen that the optical projector, 
whatever it is, can only make use of the light 
energy represented by the complete spherical 
“ light patch ” cast by the original source 
on this spherical screen. Whatever light 
the optical system can intercept and bend in 
the required chrection will be removed from 
the light falling on one part of the sphere 
and added where it is wanted. The most, 
therefore, that any optical system can do 
is to bend the rays of light in such a way that 
all the light energy spread over the whole 
sphere by the naked source is concentrated 
so as to fall only on one small portion of it. 

Evidently, therefore, while optical projectors 
may be designed to produce relatively intense 


illumination from sources of small candle- 
power, yet the angular size of the beam 
projected under such circumstances can only 
be very small. 

If tile source were a glowing sphere the 
illumination produced by it in every direc- 
tion would be the same, and if it were de- 
sired to produce from such a source by 
optical means a circular “ light patch ” one- 
thousandth of the area of the complete 
spherical surrounding screen (this w'ould 
correspond to a beam having a semi-angle of 
about or a total angle of divergence of 
about 7°), then it would naturally follow that 
the most that could be expected would be that 
the intensity of the projected beam would 
everywhere be one thousand times as great 
as the intensity due to the naked source alone. 

It would follow, therefore, from what has 
gone before that the front aperture of • the 
projector must have at least one thousand 
times the “ apparent size ” of the spherical 
source as seen from the screen, since it is 
only by increasing the “ apparent size ” of 
the source by optical means to fill this aper- 
ture that the increase in illumination can be 
obtained. 

It is always impossible to collect from all 
round the source, and it is generally only 
convenient to collect from a comparatively 
small fraction of the total area of the sur- 
rounding sphere. Twenty-five per cent of the 
complete sphere, or 60 per cent of the hemi- 
sphere, for instance, is quite good for a 
searchlight. If this percentage only be col- 
lected and it is desired to include just the 
same angle in the projected beam as before 
(viz, 7°), then it would only be possible to 
get one-fourth the light in the beam using tlie 
same imaginary spherical source and designed 
as before for “ complete flashing.” This 
projector, therefore, would have to have half 
the previous diameter ; or if the same 
illumination were desired filling the same 
angle, then the source assumed to be of the 
same “ intrinsic brightness ” would have to 
have four times the area, i.e. have twice the 
diameter. 

Where the optical system is symmetrical 
about an axis, the “ angle of collection ” is 
quoted as the angle of the right circular cone 
formed by the extreme rays collected by the 
projector. 

To sum up, therefore, from the foregoing 
general considerations, it will be seen that if 
the type of source is given (e.g. acetylene flame, 
oxyhydrogen limelight, electric arc), in other 
words, if the “ intrinsic brightness ” is given, 
then the required intensity in the beam can 
he secured by having the projector big enough. 
On the other hand, a wide angle of divergence 
in the beam will be secured either by collecting 
the light from as large an angle as possible 
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or by employing a source of as large a size as 
possible. Neither of these two latter condi- 
tions, however, affects intensity, which is 
solely a question of making the front aperture 
as large as possible ; it being always assumed 
that the optical system is equally efficient 
in every ca.se as regards its ability to afford 
a “ complete flash.” 

Again, if by any means the “ intrinsic 
brightness ” can be increased fourfold, then 
exactly the same beam having the same 
intensity and including the same angle can be 
projected by using a projector one-half the 
diameter in conjunction with a similarly 
shaped source only half as large (its total candle- 
power being the same, since it is assumed to 
have four times the “ intrinsic brightness ”) : 
by increashig the “ intrinsic brightness ” 
sixteen times, the whole apparatus could be 
made one-quarter the diameter and yet give 
the same intensity within a beam of the same 
angle, and using a source of the same candle- 
power. 

As these general considerations are very 
important, they will be again summed up 
in the following manner. G?he factors involved 
in the projection apparatus are : 

A. The “ intrinsic brightness ” of the source. 

B. The size of the source measured by 
area, or its ai)paront size, at standard distance. 

0. The fraction of total energy of source 
collected by the projector. 

D. The size of the projector, which must be 
measured by the area of its front aperture. 

The resultant “ light patch ” projected has : 

I. Size measured by its area. 

II. Intensity measured by its brightness. 

If one factor alone be varied, while the others 
are kept constant, it may be said : 

Varying A causes IT. only to vary propor- 
tionately. 

Varying B causes I. only to vary propor- 
tionately. 

Varying C causes I. only to vary propor- 
tionately. 

Varying D causes TI. to increase and I. to 
decrease proportionately to increase in I). 

It should bo noted that in the above the 
same efficiency for the projector is always 
assumed, that is to say, it need not afford 
“ complete flashing ” in every cose, provided 
it always affords the same percentage of its 
front aperture flashed. It will be shown later 
that it is very difficult to increase the angle 
of collection of a projector without lowering 
its efficiency, so that when C is varied a fresh 
factor is introduced which modifies the above 
result. 

§ (4) Projkctton Avpahatus. — T he study 
of projection apparatus is now seen to in- 
volve the study of the flashing of incandescent 
sources as viewed through optical devices. 


The directions in which the eye sees things 
through an optical .system can bo ascertained 
mathematically by wliat is termed “ ray 
tracing,” since at every point of reflection or 
refraction in the optical system the change of 
direction follows known laws. If. therefore, 
a distant view point be taken and all possible 
ray directions emanating from it be traced 
through the optical sy.stom, then for well- 
designed projection apparatus they should, 
after being so traced through the optical 
system, come, if not to a true point focus, 
yet to a very high degree of concentration 
near the “ focal point.” 

If the ray directions from a distant point 
on tho axis of an ojitical system, traced through 
that optical system, all converge to a “ point 
focus,” then any source, however small, 
which includes that “ point focus ” within it, 
will bo seen from that distant point as 
completely flashed. That is to say, an 
extremely diminutive source placed at tho 
“ focal point ” would send a very powerful 
beam along tho axis, though it would naturally 
have an extremely small angle of divorgonoe. 
This “ point focus,” however, is impossible 
of attainment, tliough tho ray directions do, 
as a matter of fact, come to a remarkably 
high degree of concentration at tlio focus of 
well-designed and well-made apparatus. If 
tho smallest possible sphere bo described 
suiTounding what may be termed tho “ focal 
point” so as just, and only just, to include all 
tho convergent rays, either intersecting it or 
just ttnicbing it, tlnai this may bo termed tho 
“ focal sphere.” 

When tho source actually employed in 
projection apparatus is not larger than tho 
“ focal sphere,” “ partial flashing ” alone is 
possible, and tho theory is rather more 
diffloult; also it is oxtromely difficult to got 
uniform brightness in tho “ light pateh.” 

In tho great majority of eases it is desired 
to project a beam whioli shall bo symmetrical 
about an axis, and tho optical system omployod 
is also symmotrioal about a.n axis. In fact, 
tho difficulty of making optical devices which 
are not symmetrical about an axis is such 
tliat when unsymmotrical beams arc Wanted 
they are usually obtained by combining a 
symmotrioal optical system with a suitablj' 
shaped source. 

Optical systems symmetrical about an axis 
(in future termed “ symmetrical projectors ” 
for shortness), however oomplioatod they 
may bo and however often the rays 7 )as 8 ing 
through them may bo bent or roflooted, have 
the following very interesting properties 
which are of great value in elucidating the 
theory of their use for projection purposes. 

If a ray PR {Fig. 2) drawn parallel to the 
axis SE of a symmetrical projector bo traced 
through the optical system, it must always 


518 


PROJECTION APPARATUS 


on. emergence intersect the axis at some point 
P. Again, if the finally emergent ray be 
produced backwards to meet the line of the 



incident ray in B, then the “ apparent width ” 
of any small source (measured perpendicular 
to the axial plane PBF) as seen through the 
projector from P will always be the same 
as the “ apparent width ” of the naked 
source as seen directly from R (taking width 
again to refer to directions perpendicular to 
the axial plane PRF). 

The “ apparent height ” of the source as 
seen from P may be either magnified or 
minified by the optical system as compared 
with the “ apparent height ” as seen from 
R ; but all that can be said for certain is 
that the angular value of the width of any 
small source as seen from P through the 
optical system is exactly, the same as the 
corresponding angular width of th'^ naked 
source as seen from B ; the whole '• apparent 
shape ” is similar, but possibly distorted, either 
drawn out or compressed in the direction of 
the axial plane containing the “ view point.” 

If P be a point on the front aperture of the 
projector, then the “ light patch ” which would 
be projected if the whole front aperture were 
masked off except a tiny element at P would 
obviously have the same “ apparent shape and 
size ” as the “ apparent shape and size ” of 
the source as seen from P through the projector. 
But this is similar to, and of exactly the same 
angular width as, the “ apparent shape and 
size ” of the naked source as seen from B. 

If the projector is to afford a “ complete 
flash ” throughout the whole of the projected 
beam, every such element of the front aperture 
must project a “ light patch ” which shall be 
coincident with that afforded by the complete 
projector. 

Hence, there are two conditions to be 
satisfied for “ complete flashing ” throughout 
the entire projected beam : first, that the 
parallel ray directions such as PR must for 
all zones of the projector converge to one 
definite “point focus” F; secondly, the 
“ apparent width ” of the source as seen from 
every such point as R must be constant, i.e. 
the length RF must be constant for all zones 
of the projector. 

The point R is conveniently termed the 


“equivalent bending point” for the ray PR, 
and all such points will lie on a surface coaxial 
with the optical system. This surface may be 
termed the “ equivalent bending surface.” 

From the above it is evident that the two 
conditions to be satisfied by any projector 
designed to afford “ complete flashing ” 
throughout the whole of the projected beam 
are : first, that ray directions emanating 
from a “ point focus ” shall all be rendered 
accurately parallel to the axis ; secondly, 
that the “ equivalent bending surface ” for 
such rays shall be a sphere having the “ point 
focus ” as centre. 

§ (5) Detailed Consideration oe Useful 
Sources. — It has already been made clear 
that the only way to increase the mtensity 
of the beam projected from really efficient 
apparatus of given size is to increase the 
“ intrinsic brightness ” of the source ; and 
hence, sources of the highest possible “ in- 
trinsic brightness” must be chosen for powerful 
projectors. 

The subjoined table gives the “ intrinsic 
brightness ” of some well-known sources in 
candle-power per square inch : 

Paraffin flame (onclosod in glass 

chimney) 10 

Acetylene flame (burning in air) . 36 

Incandescent oil (petroleum) with 

mantle 340 

Ordinary tungsten filament (m vacuo) 960 

Oxy-acetylono with pastille (in Messrs. 

Chance’s projectors) . . . 4,.500 to C,700 

Tungsten filament in argon (-66 

watt per candle) . . . . 7,500 

Tungsten arc or “ Pointolite ” . 12,000 to 16,000 

Tungsten filament in argon (4 watt 

per candle) 17,000 

The crater of ordinary carbon arc . 110,000 

The sun at noon, summer, in British 

Isles 600,000 

The sun at zenith .... 1,000,000 

These figures indicate how hopeless it is 
to expect to do anything in the way of 
projecting beams which the eye can see at 
considerable distances in bright daylight ex- 
cept by using an arc lamp or a very highly 
overrun (so-called) half-watt electric lamp. 

The obvious difficulty in the case of the 
latter source is the awkwardness of the shape 
of the filament. This can, however, bo wound 
as an exceedingly close spiral coil, and so be 
made equivalent to a continuous incandescent 
cylinder. 

The illustration (Figr. 3) is from photo- 
graphs showing an actual incandescent filament 
eight times natural size, wound so as to form 
two such incandescent cylindrical shapes with 
axes parallel and very close together. 

Both the “ Pointolite ” and the tungsten 
filament lamp are subject to the great dis- 
, advantage that the glass containing bulb has 
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to bo very large in comparison with the 
dimensions of the source itself. This ])laoos 
a very definite limit to the possible proximity 



Fig. 3. 


of any optical device used for projecting a 
beam from the source. Consequently such 
sources can only project beams of small 
divergence, unless “ partial flashing ” is 
resorted to and the projector made un- 
necessarily large. Another disadvantage is 
that when used wth a reflector placed behind 
the source the glass containing bulb practically 
acts like an opattuo body to the rofleotod beam, 
and so the only effective part of the reflector 
consists of the outer annulus, the beam from 
which just clears the bulb. 

§ (6) Thh Parabolic Rkfl'rotob. — The well- 
known property of the parabola, viz. that rays 
Ao, Bft, Cc, Do!, etc., drawn parallel to the 
axis PX {Fig. 4), are rofleotod at the curve so 



as to pass through the focus P, makes the 
parabolic reflector the most obvious optical 
element to employ for projecting powerful 
beams. 

Inventors of special projection devices. 


however, have tended to overlook two 
important considerations, the first being that 
a parabolic reflector with a true point focus 
is a pure mathematical abstraction, and any 
commercially produced parabolic reflector has 
a “ focal sphere ” ^ of very definite and 
appreciable size. 

The second is that the parabolic reflector 
only satisfies the first condition for affording 
a “ complete flash ” with an abruptly defined 
margin ; the second condition, viz. that the 
“ equivalent bonding iioints ” ^ shall all be 
equidistant from the focus, is obviously not 
satisfied by any parabolic reflector liaving any 
appreciable “ angle of collection.” 

Thus, owing to the ra[)id increase in the 
focal distances to the points of reflection, as 
the vertex of the mirror is doiiartod from, any 
parabolic reflector used in conjunction with a 
source larger than its “ focal sphere ” will 
project a beam in which the marginal zones 
will bo weak. 

§ (7) Tins Pababolio Risflkotob and Elko- 
TRio HiCADLiaiiTS FOR Motob-oars. — There i.s 
a particular typo of projector, however, for 
which the parabolic reflector used in oonjuno- 
tion with an olootrio incandescent lamp is ad- 
mirably adapted, viz. the motor-car olootrio 
headlight. 

Wliat is wanted hero is a very wide angle 
beam, but of very mucli greater intensity 
within a oontral narrow angle as compared 
with the intensity of the marginal portion 
of tlio projected beam, and this kind of dis- 
tribution is easily obtained from any parabolic 
reflector having a very largo “ angle of 
collection.” For motor-car headlights the 
“ angle of oollootion ” is so large that, as 
shown in Fig. 4, the only light not ooUocted 
from tho source passes out from the front 
aperture of tho lamp and forms part of tho 
useful wide angle beam. 

Tho “ equivalent bonding surface ” ® w tho 
surface of tho iiarabolio roflootor, and tho focal 
distances aF, 6F, cF, ciF vary enormously; 
in fact, with tho angle aFa' equal to a right 
angle, tho length aP is necessarily nearly seven 
times as long as tho focal distance oF, and 
the whole front aperture aa' is nooossarily 
more than OJ times this same focal distanoe. 
But tho glass containing bulb of tho olootrio 
lamp used has got to go inside tho reflector, 
and this sots a very doflnito limit to the 
smallness of Fo, and hence to the possibility 
of keeping down the size of powerful headlights 
of this typo. 

To keep down tho size, designers have 
arranged to place tho soureo low down in 
the bulb, ooraparatively close to the 'cap, 
thereby inoreasing the poroontage of liglit 
lost on tho cap and also that lost duo to 

‘ For definition soo § (4). 

• Ibid. • Ibid. 
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reflections from the bulb, the reflection on going 
slantwise through the walls of the bulb being 
much greater than the reflection when going 
perpendicularly through it. This reflected 
light, however, is not entirely lost to the beam ; 
some of it goes to augment the wide angle 
beam, partly directly and partly indirectly, 
after undergoing a second reflection at the 
parabolic reflector, as shown in Fig. 4. 

Starting from o, therefore, and going round 
the source, it ■will be seen that first there is 
a fairly large angle over which the light 
energy is absolutely lost on the cap ; then there 
is a zone in which the -light energy which gets 
through the bulb on to the reflector undergoes 
reflection at the parabolic mirror, followed 
by glancing reflection on the electric bulb. 
This ultimately gets added to the wide angle 
beam, but it contributes an entirely negligible 
quantity either to the central intense beam, 
or to the relatively fairly powerful beam that 
should closely surround it. It is only when 
the zones at c and 6 are considered that a 
relatively powerful beam results, since the 
angle •within wliich the projected beam lies 
is so small in comparison ■with the angle 
around the source from which the “ light 
energy ” is collected. 

It v\ull, of course, be understood that ■with a 
source having an “ intrinsic brightness ” ns 
high as 960 candles per square inch, any tiling 
approaching a “ complete flash,” even confined 
to the very centre of the beam, is entirely 
out of the question. A “ complete flash ” 
in a 10-inch headUght would mean a candle- 
power in the projected beam of more than 
37,000, even if the efficiency of reflection be 
assumed as one-half. This would produce an 
illumination equal to full moonlight at a 
distance of well over a mile. No effort is 
made, therefore, to confine the filament close 
to one “ focal point,” nor is the reflector made 
very accurately so as to afford a very, small 
“ focal sphere.” 

As the bending of the rays in this case is 
done by pure reflection only, the “ light patch ” 
projected by each portion of the reflector is 
identical in “ apparent shape and size ” with 
that of the source as seen from the correspond- 
ing part of the reflector. The ray directions 
drawn in Fig, 4 correspond to the centre in 
each case of the “ light patch,” which ■will 
ob^viously be the sum total of a lot of thread- 
like twisted shapes corresponding to aU the 
different -views of the filament as seen from 
a, b, c, etc. 

Obviously the zone at a is responsible for 
a narrow angle beam, that at b for a wider 
angle beam, and so on in the inverse proportion 
of the focal distances uF, 6F, etc. 

Commercially obtainable reflectors do not 
cause rays emanating from a “ point focus ” 
F to form a parallel beam after reflection. 


They have small errors of shape which cause 
the ray directions to vary within small 
limits, and provided these limits are kept 
well -within the angular value of the central 
intense beam (about 6°) no real harm results. 
These irregularities simply further confuse the 
superimposed images and cause the reflectors 
to be less sensitive to displacements of the 
source from tlie theoretical focus. 

Defective shape is not responsible for the 
poor performance of many electric headlights 
seen on the road, but imperfect focussing, or 
location of the source altogether outside the 
true “ focal sphere.” Displacement of the 
source in an axial direction may result in a 
hollow beam, there being no light from the 
reflector in the central part at all. 

Displacement of the source perpendicular to 
the axis, causing an excentric position of the 
filament, affords an extremely unsymmetrical 
“ light patch ” with a very big halo all on one 
side. 

To take a concrete instance : an ordinary 
candle-power for the bulb of a 10-inch electric 
headlight is 24. Allowing for light lost on 
the cap, the parabolic reflector can be designed 
to collect about 70 per cent of the total light 
energy emitted, and under fair average condi- 
tions it can be assumed to reflect 40 per cent 
of this. Thus, about 28 per cent is transmitted 
to the beam, and if one-quarter of this is 
acco\mted for by the central 7° wide beam, 
and the remaining three-quarters by the 
wide angle beam up to a limit of 40° on either 
side of the axis, it can be asserted that the 
candle-power in the central beam -will average 
about 1600, and the mean candle-power in 
the wide angle beam will be about 32, as pro- 
duced by the reflector, to which, of course, 
must be added the 24 duo to the naked source, 
making a total mean candle-power in the wide 
angle beam of 66. This represents quite good 
practice. From the figure quoted for the 
candle-power corresponding to a complete 
flash in a lO-inch headlight it will be seen that, 
even in the most powerful part of the beam, 
this lO-inch headlight -will only afford about 
6J per cent of a “ complete flash.” The 
dazzle effect of such an intensely bright source 
as the incandescent filament is responsible 
for the illusion that the whole aperture of 
a good, electric headlight is filled with a 
“ complete flash ” when viewed axially from 
in front. By looking at it -with a good 
telescope, provided -with an optically worked 
dark glass, it will lie found that only twisted 
thread-like lines of brightness are seen on 
the surface of the reflector. 

The electric headlight, therefore, with para- 
bolic reflector is an example of a projector, 
■with a quite large “ focal sphere ” affording 
only very “ partial flashing,” with a compara- 
tively open spiral coil of incandescent filament 
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confined, when properly adjusted, witMn the 
“ focal sphere.” The parabolic reflector is 
carried out to include an “ angle of collection ” 
of something like 240° to 270°, and the large 
forward end of the reflector is responsible 
for the intense narrow angle central beam, 
the middle zones for the less intense beam 
immediately surrounding it, and the back part 
of the reflector behind the bulb is responsible 
only for scattered light, forming in association 
with the naked source and reflections from the 
glass containing bulb the marginal wide angle 
beam. 

§ (8) The Parabolio Reflkotor and 
Eleoteio SBAROHMOHTa. — Searchlights form 
perhaps the most typical instance of projection 
apparatus, since it is the function of a search- 
light projector to produce the most powerful 
distant illumination in a predetermined and 
controllable direction. 

To do this a source of the highest possible 
intrinsic brightness has to bo employed, used 
in conjunction with a highly efficient parabolio 
reflector, made as large in aperture as ]>os8ible, 
and of as high an offleionoy as possible. 

Tills means the combination of an arc light 
with a glass parabolic reflector silvered on the 
back according to the plan shown in Fig. 5. 



The carbons C, C' arc shown disproportion- 
ately large, but it will bo noticed that the 
parabolic reflector is carried out to an “ angle 
of collection ” of about 120°, and this enables 
fully 70 per cent of the total light energy 
emitted by the arc to be oolleoted by the 
mirror. There is no practical advantage to be 
gained by trying to exceed this “ angle of 
collection,” even if such a mirror could be 
made to stand the heat of the arc. The 
negative carbon 0' has its oonduotivity 
artificially increased, and is made as small 
in cross-section as possible, so as to keep its 
central shadow, bb' on the mirror, of minimum 
size, and for the same reason the arc is made 
as long as is practicable. 

To obtain the great intensity required by 


modem searchlights, the diameter aa' of the 
front aportui’e is n\aclc in some cases as largo 
aa GO inches, but the difliculty of grinding 
and polishing, with the necessary accuracy, so 
largo a parabolic shape is so great that there 
is a tendency for such largo projectors to 
give disappointing results in comparison with 
the more usual size of 30 inches. The standard 
focal length for a 3G-inch mirn.-r is 17 inches, 
and this corresponds to an angle of collection 
of 110°. A useful source to employ with such 
a mirror would be an arc having a IJ-inch 
diameter p(^aitivo carbon, rated to consume 
IGO amps, at GO volts. Tho brightest part 
of the crater on such a positive carbon would 
bo limited to a diameter of loss than | inch. 
With a source of this size, it would moan that 
the central zones of a perfect parabolic 
reflector nearest to it would project a beam 
of about li° anti the outer zones a beam of 
about f° angular divergoneo. Tho central 
crater would have an intrinsic brightness of 
about 100,000 candles per square inch, fl'he 
mean spherical candle- junver within tho 
angle of collection of such a source would bo 
about 18,800 candles, and if the, whole aperture 
of the mirror were flashed with the intrinsic 
brightness of the crater tho resultant candle- 
power would bo more than 100 million. But 
tills 100 million is reduced hy obstructions 
such as tho negative carbon and tlie carbon 
supports and holders. It is also reduced by 
tho losses on going through the mirror, the 
colour of tho glass, which is quite important 
in such largo mirrors, and the inqiorfeot 
reflective power of even tho best glass siLvorod 
surface. It is also necessary to prt)tect tho 
are from tho oflects of wind ; and to do this 
tho front of tho jirojoetor is glazed with 
parallel strips of glass. This gives rise to 
further light losses, and, taken in the aggregate, 
it can be demonstrated that in actual practice 
such transmission losses cannot bo loss than 
40 per cent, and may very well be considerably 
more. 

This would give a maximum possible inten- 
sity of GO million candles in ti\o projected 
beam, provided tho diameter of tluj focal 
sphere afforded by tho mirror was really 
considerably loss than tho half-incb. which 
is tho ajjproximato diameter of tho intense 
central crater on tho positive carbon. Such 
accuracy, however, is not attained in practice, 
and in consequence tho whole unobstructed 
aperture of the projector is not filled with a 
flash of)rroH]K)nding to the central crater, but 
parts of it arc flashed with a brightness 
corresponding to the surrounding glowing 
carbon, which is iiery much less bright. Local 
ennrs in shape increase the divergence of tho 
projected beam. In practice they about 
double tho value of the maximum divergence 
already obtained from purely theoretical 
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considerations, and further reduce the intensity 
of the brightest parts of a carefully focussed 
beam to something lilce 30 to 40 million 
candles. Imperfect focussing may still further 
reduce the intensity of the projected beam, 
and corresx3ondingly increase the divergence. 
As a matter of fact an intensity of 60 million 
candle-power for a 36-inch searchlight has 
been actually exceeded in practice, by employ- 
ing specially treated carbons for "which an 
intrinsic briglitness of 200,000 candles per 
square inch has been attained. 

It is often stated that the high figures 
quoted for the candle powers of searchlights 
are meaningless, because the candle-power is 
so completely dependent on the state of the 
atmosphere. Since candle-power represents a 
rate at which light energy is sent out from a 
source per unit of solid angle, it ' can have ( 
nothing to do with the state of the atmosphere. 
These fallacious notions are all due to the fact 
that it is not practicable to compare a search- 
light with the 30 or 40 million candles to 
which (in a predetermined direction and at 
suAGiciently great distances) it is undoubtedly 
equivalent, whatever the state of the 
atmosphere. 

The state of the atmosphere only comes in 
when the illumination produced at a very 
great distance from a searchlight is compared 
■with the illumination produced quite close 
to a small standard source. It would be 
very much better if manufacturers of search- 
lights would give definite guarantees as to 
what the actual size of the “ focal sphere ” ^ for 
their mirrors was, under running conditions, 
and also their transmission losses. These 
readily measurable quantities give the best 
criteria for comparing the efficiency of one 
projector with another, quite apart from arc 
efficiency. 

Another fallacy to be disposed of in connec- 
tion "with searchlights is the oft - repeated 
statement that the ideal really aimed at is a 
perfectly parallel beam projected from a point 
source. The idea is that such a beam "would 
afford constant illumination at all distances, 
and the divergence of the beam of any practical 
searchlight is taken as a measure of its ineffi- 
ciency, because it leads to the falling off in 
illumination according to the inverse square 
law. 

It is e"vident that any efficient projector 
must produce a complete flash at all useful 
long ranges, and hence as the range in any 
predetermined direction is increased, the 
falling off in illumination must follow precisely 
the same laws as would hold for the equivalent 
candles of that flash, whatever atmospheric 
conditions prevail. 

Constant illumination from a parallel beam 
at varying ranges requires the use of a source 
^ Tor definition see § (4). 


suitably focussed and sufficiently small to 
afford a partial flash of constant “ apparent 
size.” This involves carrying partial flashing 
to an absurd limit. 

In all that has gone before, the range has 
been assumed to be great in relation "to the 
size of the projector ; in fact, the whole theory 
has been built upon the assumption that the 
distant view points considered are such that 
ray directions from them form a system of 
practically parallel rays over the whole front 
aperture of the projector. 

Searchlight projectors, however, are so large, 
and the sources used in them so relatively 
small, that it is quite easy to take fairly 
distant view points, the ray directions from 
which form an appreciably divergeirt system 
when taken over the whole aperture of the 
projector. Obviously, the theory breaks 
down as soon as the departures from parallelism 
are such that a percentage of the rays, when 
“ traced ” through the projector to the source, 
miss the source altogether instead of ending 
upon it. 

The “ focal sx^here,” however, corresponding 
to such fairly distant "view points is jiractically 
identical in size -with the true “ focal sphere ” 
corresponding to very distant view points ; 
but its position is displaced towards the view 
point by a very small amount. 

Thus, all the characteristics of the “ light 
patch ” on a far distant screen can be repro- 
duced on a much nearer screen simply by 
focussing, i.e. by displacing the position of the 
source by the necessary small amount to 
correspond with the displaced position of the 
“ focal sphere.” 

For all ranges outside 1000 yards the focus- 
sing displacement for a 36-inch projector is 
neghgible, but to focus on an object at 400 
yards’ distance requires slightly less than 
■^xf-hich focussing displacement of the arc. 

Thus, the- figure of 30 to 40 million capdles 
found for the beam from a 36-inch searchlight 
stfll holds for comparatively near view points 
if the carbons are properly focussed, but in 
this case the beam, leaving the lip of the 
projector as seen by the operator, may very 
well be convergent. 

The beam taken as a whole, however, is 
not convergent, for the rays cross over after 
passiag the point focussed upon, and form a 
rapidly divergent beam corresponding to 
partial flashing at all really distant "view points. 

As regards the angle of the beam actually 
projected by practically useful searchlights 
for long-range work, it usually lies between 2° 
and 3°, and anything less is not of very much 
use for searching for objects even at extreme 
ranges. At three miles range the light 
patch produced by a 3° beam is about 800 feet 
in diameter. For comparatively near ranges, 
however, this angle of divergence gives too 
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small a width to the light patch projected ; 
consequently, vertical cylindrical elements are 
fitted to the fi’ont window of the projector. 
The beam traversing these cylindrical elements 
is spread out evenly in a horizontal direction 
so that the horizontal a^■lgular width of the 
beam is greater tlian the vertical angular 
width by the divergence duo to the cylindrical 
lenses. The cylindrical elements may have a 
divergence of as much as 30°, aird if this were 
applied to a 3° beam the resulting intensity 
would naturally be reduced to at least a tenth 
of its normal value. Instead of affording a 
complete flash, each cylindrical lens would only 
show a vertical strip one-tenth of its width 
flashed ; the position of the flashed strip mov- 
ing across eacli cylindrical Ions from one side to 
the other as the view imint traverses the beam. 

§ (9) The Parabolic Beelector and 
Electric Sionallinq Lamps. — What is desired 
in a signalling lamp is to direct an intermittent 
beam from a person A to a person B so that 
while B receives a series of flashes as few 
other people as possible shall receive thorn. 

Obviously everybody in the hno AB pro- 
duced who has an unobstructed view of A 
must SCO the flashes, but if the beam projected 
has a very small divergence, few people 
outside the lino AB may see anything of the 
signalling. At flrst sight this would appear to 
call for the perfectly parallel beam affording 
a “ light patch ” equal in size to tlie front 
aperture of the signalling lamp. It is not 
so, however, because A who is sending the 
signal has to aivi his beam at B by moans of 
some sighting device, and it is impossible 
to aim a beam with mathematical accuracy. 
When all the passible errors in the lamp 
are taken into account — errors due to a 
slightly displaced source — personal errors of 
the man misjudging his aim — errors due to 
the uncertainty of the precise looa.tion of B 
and vibration effects due to wind, etc., it 
will be found that a certain definite though 
quite small angle of divergonoo in the beam 
is required (possibly only 1°). If the signalling 
lamp instead of being clamped to a stand is 
held in the hand, and so aimed, it will have to 
afford a very much wider angle of divergence, 
say 4°, and if it is to bo used as a hand lamp 
on board ship or on aircraft it must have an 
angle of divorgenoe of at least 0° to be sure 
of keeping B within the flash. 

For such a lamp, a so-called half-watt 
electric bulb (tungsten filament incandescent 
in argon) is a very convenient source. This 
must be worked at a very high oiBcienoy if 
any considerable range is to bo afforded in 
daylight. 

As would be o.xpoeted, there is an upper limit 
to the size the projector can have, and if a 
parabolic reflector is to bo used it must only 
be carried out, as in Fig. 6, as far as the 


latus rectum. That is to say, the source 
(which is at the focus F) must bo in tho iflano 
A A' of 'the front aperture, as the following 
consideration will show. 

It has been shown that tho front edge AA' 
of the reflector projects tho narrowest beam, 
and with a spherical source the apparent 
size of the “ light patch ” projected from this 
front edge is the same as the “ apparent size ” 
of the spherical source as viewed from any 



Fia. 0. 

point on it. This apparent size is greatest 
when AF is least, i.e. if tho diameter AA' is 
given, F must bo in tho i)lano of tho circle AA'. 

Of course, tho incandescent filament cannot 
be wound so as to simulate a continuous 
incandescent sphere, hut a very close axial 
spiral coil (two such coils being shown in 
Fig. 3) will do, if its diameter is made largo 
enough to afford tho necessary minimum 
angle required for tho signalling beam, and its 
length lie made long enough, so that tho view 
of the coil as seen from tho inner edge BB' of 
the annulus actually used for flashing tho 
signal, shall just not show any black centre 
duo to looking right through tho axial in- 
oandescont cylinder formed by the filament. 
For reasons already ])ointed out, the parabolic 
cap BB' is practically useless owing to tho 
obstruction presented by tho bulb CO'. 

For larger and more powerful signalling 
lamps tho electric are is tho best source to 
employ on account of its very high intrinsic 
brightnoss ; and olectrio searchlights, especi- 
ally in tho smaller sizes, are fitted with shutters 
whereby the beam can bo almost instantane- 
ously oooulted so as to permit of their being 
used as daylight signalling lamps. 

Since tho outer edge AA' of tho roflootor is 
twice tho distance from tho source that tho 
vertex is, there is a tendency for tho beam 
oorroaponding to complete flashing to bo half 
the angular width of the whole beam projected. 
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Such a condition is wasteful since the signalling 
beam should be equally intense all over, within 
the limits imposed by aiming considerations, 
and of zero intensity outside that limit. To 
secure this, however, it has been shown that 
it is necessary that the “ equivalent bending 
surface ” ^ (which in this case is the parabolic 
reflector itself) shall be a sphere with P as 
centre. 

§ (10) The Mangin Mikrob for Head- 
lights. — The Mangin mirror is shown in Fig. 
7, and is a good example of an optical element 
where the “ equivalent bending surface ” ^ for 
parallel axial rays can be made approximately 
spherical with the focus as centre. 

Rays Aj A^ Bg, Ag Bg, etc. {Fig. 7) 
parallel to the axis Ag Bg Cg are refracted at 
the first surface B^, B.^, Bg, etc., the outer 
rays being very much more strongly bent 
outwards than the inner rays, in such a manner 



that after reflection at the back of the lens 
mirror at tlie points C^, Cg, Cg, etc., they pass 
almost normally through the first refracting 
surface again at points D^,- Dgj ^^c., i.e. 
they concentrate after reflection to a point F 
not far removed from the centre of the first 
surface. An examination of Fig. 6 will show 
that the “ equivalent bending surface ” 
determinea by the points Rj, Rg, Rg, etc., 
approximates to a sphere with P as focus. 

It is not surprising, therefore, that such a 
lens mirror affords an extremely abruptly 
defined “ fight patch ” when used in conjunc- 
tion with any small axial disc source with its 
plane perpendicular to the axis of the lens 
mirror. The “ apparent size ” of the “ light 
patch ” projected is the same as the “ apparent 
size ” of the disc source as viewed from the 
vertex Rg of the “ equivalent bending surface.” 
(This is situated on the axis somewhere within 
the central thickness Bg, Cg of the lens mirror.) 

^ Por definition see § (4). 


For maximum efficiency it is necessary to 
design the lens mirror so that Rg is as near 
to the focus F as the aperture of the mirror 
permits. As in the case of the parabolic 
reflector, maximum efficiency is only attained 
by contriving that the plane of the front edge 
Bj^, B'l of the mirror should contain the focus 
F, but this is not practicable. It is easy, 
however, to make the angle Bj, F, as big 
as 130° or even 140°, and still afford an 
extremely well-defined “ light patch ” from 
any small flat source, and the loss, of course, 
is not great, because, unlike a spherical source, 
the fiat disc source sends out less and less 
fight at any considerable inclination to the 
axis ; in fact, an infinitely thin flat disc source 
would send out no light perpendicular to the 
axis because, when viewed in that direction, 
it has no “ apparent size.” The useful 
“ angle of collection ” of 140° is too great for 
such sources as acetylene flames, 120° bemg 
about the limit of safe working owing to the 
tendency of the hot gases rising from the 
flame to crack the edge of the mirror. The 
combination of a Mangin mirror, however, 
with an “ angle of collection ” of about 120°, 
and a good flat acetylene flame at its focus, is 
a very effective piece of projection apparatus 
for projecting a wide angle beam of uniform 
intensity. Until the introduction of the 
electric headlight, this was the combination 
most in favour for motor cars. A lens mirror 
with a 10-inch flashing aperture would afford 
a candle-power in the beam corresponding 
to “ complete flashing ” of 1700, assuming 
60 per cent reflective efficiency, and with a 
36 candle-power flat circular flame, i.e. of 
1 square inch in area, and an “ angle of 
collection ” of 120° for the mirror, this A^dll 
be spread over a total angle of nearly 13° in 
the projected beam. 

§ (11) The Mangin Mirror for Signalling 
Lamps. — As has already been shown, signalling 
lamps require to project a much more j)owerful 
beam than motor-car headlights and confined 
to a much narrower angle. The acetylene 
flame has to be discarded, therefore, and 
something like a “ complete flash ” afforded 
with a Mangin mirror used in conjunction 
with a high - efficiency tungsten filament 
incandescent in argon. The condition to be 
satisfied is that everywhere within the narrow 
angular limits imposed for the signalling 
beam the ray directions traced from the 
observer’s eye through the Mangin mirror to 
the focus shall terminate on incandescent 
filament. 

For an axial “ view point ” any annular 
zone of the Mangin gives a cone -of rays which 
accurately concentrate to a point on the axis. 
The variation of the position of this point is, 
in a well-designed Mangin mirror, very small 
indeed, though not small in relation to the 
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dimensions of a really closely-wound incan- 
descent coil of reasonably small candle-power. 
The smallest possible electric source that Avill 
give a “ complete flash ” for an axial view 
point of any particular Mangin mirror is there- 
fore seen to be a closely-wound axial coil 
surrounding that short length of the axis 
within which the “ focal points ” for all the 
different zones of the mirror lie. 

In such a case the angular bmit of the 
beam is determined by the “ ajiparent size ” 
of the diameter of the coil as seen from the 
vertex of the “ equivalent bending surface ” 
(a point situated somewhere within the central 
thickness of the mirror). 

It should be noted that, as has already 
been shown, the flash is not complete except 
in the annulus surrounding a central area 
equal to the diameter of the electric bulb, 
and this useful annulus must be such that 
from no point on its inner edge shall it be 
possible to look right through the incandescent 
cylinder formed by the source. 

A well-designed Mangin mirror mth a 
small axial coil conforming to the above 
condition affords the most efficient portable 
signalling lamp for daylight work, as the 
following considerations will show. 

A suitably designed Mangin mirror of fl 
inches clear flashing aperture and with 130° 
“ angle of collection ” can be manufactured 
so that its “ focal sphere ” ^ is less than -05 inch. 
Thus with such a mirror an axial coil -1 inch 
long and -04 inch diameter will afford a 
“ complete flash ” in it. The coil when 
viewed from its side has the “ apparent 
shape” of a rectangle T by -04 which equals 
in area -004 square inch. 

Assuming an “ intrinsic brightness ” of 

15.000 this would give a candle-power of 60, 
which can be quite safely confined within a 
2 -inch-diameter containing bulb. This means 
that an annulus having an area of over 25 
square inches wiU be flashed with an “ intrinsic 
brightness ” of say 9000 (allowing 60 per cent 
transmission efficiency for the mirror), and a 
maximum candle-power in the beam of over 

225.000 will be obtained. Thus it is evident 
that a well-designed small electric signalling 
lamp can be made greatly to excel the 
intensity produced by a relatively much larger 
motor-car electric headlight. 

§ (12) The Mangin Mieror for Seaeoh- 
IJGHTS. — Prom the table of “ intrinsic bright- 
nesses ” already given, it is evident that, even 
when full allowance is made for the effects of 
bulb obstructions, an oxy-acetylene projector 
would have to be made about twice as large a§ 
a high-efficiency projector with half -watt focus 
electric lamp, to afford the same range. In 
spite of this disadvantage as regards the 
relatively low “ intrinsic brightness,” the oxy- 
* For definition see § (4). 


acetylene-cum-pastille is found to be a very 
useful source for larger units starting at 12 
inches in diameter up to say 2 feet in diameter, 
for the reason that when a total candle-power 
in the source of about 150 to 200 is exceeded, 
all the essential conveniences of the electric 
incandescent filament lamp begin to disappear. 

It is the great advantage of the Mangin 
mirror that the surfaces are spheres and these 
can be polished true to shape with extreme 
acc,v.racy. It is quite impossible to polish a 
parabolic shape to the same accuracy. That 
is why for the smaller units, where the thickness 
of the glass does not matter, the Mangin mirror 
is preferred to the glass jrarabolic reflector. 

Taking a medium size of 20 inches in 
diameter, it is easy to design a Mangin mirror 
of this diameter with an angle of collection 
of about 127° whose “ focal sphere ” ^ (after 
making full allowance for colour dispersion 
and errors of manufacture) shall be less than 
•2 inch. 

This 20-inch mirror used in conjunction 
with a pastille -8 inch in diameter would 
(assuming 60 per cent for its transmission 
efficiency and 5000 candle-power per square 
inch for the intrinsic brightness of the pastille) 
afford a beam whose maximum intensity 
would exceed 940,000 candle-power, and whose 
angle of divergence would be nearly 5°. 

As has already been pointed out, however, 
for the largest and most powerful signalling 
lamps the electric arc must be used, and 
though the Mangin mirror is a convenient 
optical element to employ for the smaller 
projector, for the 24-inch sizes the thin glass 
.silvered parabolic reflector is the most efficient, 
and from what has gone before it is evident 
that a beam having a maximum intensity 
of something like 15 million candle-power 
should be given by a 24-inch searchlight, 
even after making allowance for the obstruc- 
tion due to the shutter employed for signalling. 

§ (13) The Condenser Lens. — When a lens is 
used to bend the directions of ray paths rather 
than to produce images, it is termed a “ con- 
denser lens.” Such condenser lenses usually 
consist of very deeply curved plano-convex 
lenses, either taken singly or in pairs, with 
their flat surfaces outside and their curved 
surfaces adjacent. Fig. 8 shows the more 



Fig. 8. 


usual sections of single, double, and triple 
condenser lenses with their associated foci 
El. ¥„ F3. 

* For definition see § (4). 
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In each case, howev'er, ray directions drawn 
parallel to the axis are not bent to a true 
“ focal point ” or even anything approximat- 
ing to a point, but the outer rays are more 
strongly bent than they should be, with 
the result that in every case the condenser 
system is found to possess a comparatively 
large focal sphere.^ 

In fact, a 4-inch diameter single condenser 
lens having an angle of collection of only 
60° would have a focal sphere of -4 inch in 
diameter as contrasted with a Mangin mirror 
which could be made of the same diameter 
with double the angle of collection and having 
a focal sphere of only -03 inch. 

For this reason a condenser lens is a bad 
and inefficient optical device for projecting 
a powerful beam of moderate divergence from 
very small bright sources. 

Railway signals, however, afford a good 
example of the successful employment of 
simple condenser lenses giving wide angle 
beams of moderate intensity from relatively 
large and low-intensity flame sources. 

The condenser lenses fitted to pocket flash- 
lamps are not in any sense focussed, and 
as their flashing is so imperfect, they hardly 
fall within the category of projection apparatus. 

One of the most important uses of condenser 
lenses, however, lies in connection with the 
projection of images of transparent objects on 
a screen. 

§ (14) Lanteen Projection of Images on 
A Screen. — The less usual form of lantern 
projection, viz. the projection of solid opaque 
objects in their natural colours, will be 
considered first, because it is the simplest in 
theory (though the most difficult in practice). 

For the sake of simplicity it will be assumed 
that a sheet of perfectly white paper is laid 
horizontally at AB {Fig. 9) on which perfectly 
black letters are printed. The lens C placed 
at a suitable focal distance vertically above it 
wiU, in conjunction with a 45° mirror D, project 
an image A'B' of AB on to a vertical screen as 
indicated. 

The 45° mirror is needed, because otherwise 
the image projected would be laterally inverted 
and the letters would be unreadable except 
from behind the screen. 

The image will only be visible if AB be 
sufficiently strongly lit and the foom be 
darkened so as to shut off all extraneous 
hght from the screen A'B' except that coming 
from the lens C. 

To illuminate AB sufficiently strongly, two 
sources S and S' may be imagined placed on 
either side of it and as close to it as possible, 
giving an average illumination on AB of 
20,000 foot candles. 

A good “ angle of collection ” for the lens 
C would be 14°, which corresponds to a lens 
^ For definition see § (4). 



that if the perfectly white parts of AB scatter 
all the light received equally in all directions, 
the flash in the lens C corresponding to such 
a white part wfil have an “ intrinsic bright- 
ness ” of 20,000/905 candles per square inch 
if no transmission losses are assumed. 

Now if the area illuminated on the screen 
is one hundred times the area of AB, then the 
apparent diameter of the flash seen in the lens 
from A'B' will be one-tenth the “ apparent 
diameter ” of the aperture of the lens as seen 
from AB, i.e. it will be -3 inches diameter at 
12 inches’ distance. The area of a -3 diameter 
circle is about -0707 square inches, and if a trans- 
mission efficiency for the lens C and mirror D of 
60 per cent be assumed, the illumination of the 
screen A'B' corresponding to perfectly white 
parts of AB is seen to be 12,000/905 x (-0707) 
foot candles. 

This is equal to about -94 foot candles, and 
shows how poor the result is, even with an 
illumination of 20,000 foot candles at AB. 

For projecting a transparent object, how- 
ever, the illuminant can be used in a much 
more economical manner ; for if a source S 
{Fig. 10) in conjunction with a condenser P 
(usually two plano-convex lenses arranged as 
in the figure) be so arranged on the axis of the 
projector lens C so that the image of the 
source produced by P is concentrated within 
the lens aperture, it is obvious that any 
transparent object placed between C and P 
will, from the point of view of the image of S 
within the lens aperture, show its clear parts 
as of the same “ intrinsic brightness ” as the 
source S (as seen flashed in the condenser P). 
Hence, a lantern slide placed upside down at 
AB, and so that any lettering on it is readable 
from the same side of it as -the condenser P, 
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will be projected by the lens 0 so as to be 
the right way iip and with readable lettering 
provided the focal planes are properly adjusted. 
But in this case the brightness of perfectly 
transparent parts of AB is the “ intrinsic 
brightness ” of the source S as flashed in the 
condenser lens, which, of course, is very much 
greater than that of any illuminated white 
sheet. 

The superiority of the illumination obtained 
by this method of projection is so great that 


S 


only when very largo magnifications arc 
attempted are lenses of largo aperture with 
the most intense sources needed. 

Such a case, however, is furnished by the 
cinematograph projector, whore a picture 
approximately the size of a postage stamp has 
to be magnified so that its arm is mcroasod 
more than forty thousand times. This, of 
course, calls for the most intense source 
available, viz. the elegtrio are. 

§ (16) The CiNEMAToaEAPir Projeotor.^ — 
Since the cinematograph projector must bo 
placed in a fire-proof 
chamber at the back of 

the building, its distance — 

from the screen is neoos- ^ " 

sarily groat, and in gV. 
modem picture - houses y\ 

90 feet is quite usual. ^ 

Taking this distance of 

90 feet, the width of the 

picture shown should be , 

at least 17 feet, which ^ 

is 218 times the width 

of the film picture and - A 

requires the projector 
lens to have a focal 


Fig. 11 is drawn correctly, to scale one- 
tenth actual size, and the upper view shows 
the general nature of the beam projected by a 
double plano-convex condenser P of 4 inches 
clear aperture from the crater an are S 
J inch in diameter placed 3 inches behind 
the rear surface of the condenser P, producing 
a minimum cross-section in the beam at AB 
(termed the “ waist ”), of 
if inches in diameter, 12 
^ inches in front of the con- 
denser. The lower view 
shows the beam leaving 
the aperture AB, also the 
beam leaving the lens C 
when these arc interposed. 

The Ions C for project- 
ing the image is shown 
diagrammatioally, indicat- 
ing the clear aperture of 
the lens olomonts available 
for transmitting the beam. 
The aperture of the extreme rear lens D nearest 
the gate AB is assumed to bo ll' inches and 
situated 4 inches in front of AB, the total 
length of the Iona C being assumed as 2 inches. 

It is necessary that the “ waist ” should 
have a diameter so much in excess of that 
required to cover the film i)ioturo because 
of the tendency of the are to shift its 
position in a variable and uncertain manner; 
also the illumination of the marginal por- 
tions of the “ waist ” cannot bo made as 
bright as the more central portions. 





length of about 6 inches. 

A rapid projector lens of this focal length 
might be assumed to have a clear aperture of 
inches. Thus, the film picture is actually 
smaller than the lens used for projecting it, 
and its area is barely four times that of the 
crater of the arc used as the illuminant. 
Lantern slides have been standardised, so that 
a 4J-inch diameter condenser will easily cover 
them, and though the problem of the cinemato- 
graph projector is so different from that of the 
ordinary lecture lantern, yet hitherto the same- 
sized condenser lenses have always been used. 

* See article “ Klnematograph,” 


It is evident that in no other position 
in the beam can the film bo so intensely 
illuminated as when situated at the “ waist,” 
and this position ensures that all except the 
marginal parts of tiro film picture receive a 
“ complete flash ” from tho condenser. 

Consider a small pinhole placed centrally 
at AB on an otherwise opaque film. The 
beam from tho condenser P passing through 
this pinhole will oovor a IJ-inoh diameter 
circle on the back Ions D of tho projector 
Ions, and hence will all bo oolleotod and 
transmitted to tho screen. If tho pinhole 
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be displaced avsay from the centre, the circular 
area intercepted by the beam passing through 
it on to the back lens D moves away from the 
centre so much that a position is very soon 
reached in which the projector lens C fails to 
collect all this hght, so that some of it is 
lost. This loss, however, only affects the 
marginal portions of the picture. 

On the screen the central pinhole •will be 
shown as a white spot, whose diameter -will 
be 218 times that of the pinhole. Since all 
the light passing through the condenser P 
to this pinhole also passes through the 
projector lens C to the screen, it follows that 
the apparent diameter of the flash seen in the 
lens C from the screen must be of the 
apparent diameter of the flash seen in the 
condenser lens P from the film picture AB. 

Thus the illumination of the centre of the 
screen, in this case corresponding to the whitest 
parts of the picture, is that produced by a 
circle inch in diameter (i.e. -000264 

sqirare inch in area) at a distance of 1 foot, 
shining with an intensity of the intrinsic 
brightness of the arc as reduced by the 


from ordinary lantern projection than the cine- 
matograph projector. Ob'viously if the hnear 
magnification aimed at is, say, 500 times, the 
object enlarged can only be very small. But 
since the apparent diameter of the flash as 
seen from the screen in the projector lens is 
only 1/500 of what it is as seen from the 
object in the condenser lens, this class of work 
calls for a big angle of convergence from 
condenser lens to the image of the arc on the 
object, and a correspondingly big angle of 
collection for the projector lens employed. 
The image of the arc produced by the con- 
denser lens need not be large, especially in 
•view of the fact that the field covered by a 
•wide aperture projector lens is small. Conse- 
quently the arc need not be placed so close 
up to the condenser as in cinematograph 
projection, and a good microscope objective 
serves very well as a projector lens. The arc 
not being close up to the condenser makes 
it possible to use an elaborately designed 
condenser which will afford a complete flash 
of the hottest parts of the crater even for the 
large angle of collection of a good-quality 


S 

transmission losses of the whole projector 
system P and C and the film at the “ gate ” 
AB. The mean “ intrinsic brightness ” of 
the flash may easily fall below 35,000, allow- 
ing for the obstruction of the negative carbon 
and ijarts of the condenser not being flashed by 
the intense central crater of the arc. Multiply- 
ing this figure by the above area of -000264 
square inch the illumination of the screen is 
obtained expressed in foot candles, viz. OJ. 

This result, however, neglects the effect 
of the shutter employed to cut off the beam 
whilst changing from one picture to the next. 
The shutter is periodically interposed where 
the beam passing from the lens C to the screen 
is narrowest. This occurs at the image EP 
of the aperture of the condenser P in the 
lens C, and in the ease under consideration it 
would be about 6 inches in front of it. 

The period of occultation makes the effective 
illumination on the screen at the most only 
60 per cent of what it is with the film stationary 
and the shutter open. Thus with an ordinary 
carbon arc 3 inches behind a 4-inch diameter 
condenser the illumination on the screen 
corresponding to perfectly transparent parts 
of a moving picture should be 5 J foot candles. 
This would give a good bright picture in a well- 
darkened room. 

§ (16) Projbotion of Miceoscopic Objects. 
— This is simply one stage further removed 


microscope objective. This condition is not 
satisfied by ordinary condensers, and this 
explains why the satisfactory projection of 
highly enlarged views of microscopical subjects 
involves the careful design of the condenser 
as well as the projector lens used in conjunction 
with it. 

§ (17) Scale - READING Projection for 
Sensitive Instritments. — Under this head 
must be classed sensitive galvanometers, and 
all instruments where the angular rotation of 
the recording element in the instrument is 
used to make a mirror turn through an angle 
and so cause the image of an illuminated 
mark to move through a relatively large 
distance on a screen with the least possible 
moment of inertia in the mo-ving parts of the 
instrument. 

The most usual arrangement is sho-wn dia- 
grammaticaUy in Fig. 12, and consists of a 
source S placed behind a condenser lens C, 
so placed that the image of the source (or 
more correctly the “ waist ” of the beam 
projected from S by C) falls on the concave 
mirror M, which is necessarily made exceed- 
ingly thin and of minimum weight, while a 
thin opaque vertical line traced on the flat 
side of C forms an image of itself on the 
scale L (supposed perpendicular to the plane 
of the paper). The condenser lens C and the 
scale L are generally placed equidistant from 
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the mirror M, whose radius, therefore, is made The projector for providing the index mark 
equal to the scale distance from mirror M to focussed on the scale L, consists of a separate 
scale L. i^Mt and is arranged on the plan of the 

Thus a round spot of light is received on cinematograph projector, hut using an electric 
the scale screen L with a fine vertical line lamp S as a source. The incandescent 
traced across it. This round spot is the image filament wound as a close spiral coil projects 
of the flashed condenser lens produced by M. an exceedingly bright imago of itself on to 
As usual, however, the question of contrast, the vertical cross-wire N, by means of tlie 
or illumination at L, is best settled by placing condenser lens P, and tho image of the cross- 
the “ eye ” there and noting Avhat it sees, wire thus strongly illuminated is projected by 
Obviously, for maximum efficiency the whole tho achromatic objective Cl, so that after roflec- 
of the mirror M must be seen as flashed with tion at M, it focusses sharply on tho scale L. 
the “ intrinsic brightness ” of tho source ft)r Tho shar])nos8 of tho image received at L 
any point adjacent to the image of the is dependent on tho ability of tho lens t) to 
vertical lino and as completely not flashed at afford a complete flash of an exceedingly fine 
aU for “ view points ” on this margin. The cross-wire at N. 

latter condition can only be satisfied if the Achromatic objectives, however, are corn- 
mirror M is accurately worked to the spherical moroially obtainable which will satisfy this 
shape and the width of tho line on C not too flashing test ; and provided the mirror M is 
fine to allow for the aberrations of tho mirror made aceuratoly flat, this system makes it 
when used at a slight inclination to true normal possible to get a clearly defined index mark on 
incidenco. The former condition, however, is the scale Ij affording siifiicicnt contrast to bo 
only satisfied if for all “ view points ” on tho read even in a well-lit room in broad daylight, 
surface of the mirror M the line on C is seen Moreover, tho result is entirely unafrooteci by 
against a background of inoandoscent surface, tho angle turned through by tho mirror, 


With small electric 
battery lamps and simple 
condenser lenses this 
condition is never oven 
remotely fulfilled, and 
all that can be provided 



is that tho heat and 


Pm. 13 . 


brightest part of the 

very coloured imago of tho inoandesoent fila- 
ment projected by tho condenser Ions 0 is 
focussed on tbe mirror M. Thus the eye at L 
sees a coloured flash in M tho “ intrinsic 
brightness ” of whioh is very much loss than 
the incandescent filament. 

A device for making sure of using tho 
whole aperture of the mirror is to project 
on to L the image of a straight portion of the 
incandescent filament formed by M and to 
dispense entirely ndth the condenser lens. 
In this case, provided only tho mirror M is 
made accurately enough to concentrate ray 
directions traced from a point on L so that 
they all terminate on such an extremely 
narrow object (only a few thousandths of an 
in ell) as tho filament in a small electric lamp, 
maximum efficiency will be attained. This 
aootiraoy is not, however, possible with 
commercially obtainable tbin galvanometer 
mirrors, so that in this ease, again, partial 
flashing alone is possible, and maximum 
effioienoy cannot be attained. 

The best way to insure maximum efficiency 
is to make the mirror M (Figf. 13) perfectly 
flat on both sides, because in such forms they 
can be made much more optically perfect 
though very thin. The mirror M then simply 
funotiona as a device for turning the axis of 
the projected beam through an angle. 


whereas a concave mirror has known and 
traceable aberrations for beams incident upon 
it at any appreciable angle to the normal or 
axial direction. o. w. A. 


PnoJKCTiON Apparatus, Trnc iStudy ok, 
involving tho study of tho flashing of 
incandescent sourooa as viewed through 
optical devices. See “ Projection Appar- 
atus,” § (4). 

Projkotous, Piiotomrtry of. See “ Photo- 
metry and Illumination,” § (KiO) e( ftqq. 

PuLFRiair Refraotomiotisr : an instrument 
for tho rajjid determination of refractive 
indices of liquids or solids. See “ Spectro- 
scopes and Rcfractomotors,” § (13). 

Pupin: tho circular aperture of tho eye. 
See “ Eye,” § (21). 

Pupn.OMRTRY : the art of measuring tho alsso 
and position of tho pupil of the cyo. See 
“ Ophthalmic 0])tical Apparatus,” § (4). 

PuRKXNJffi Effect, Influknom of, on photo- 
metry of surfaces of low brightness. See 
“ Photometry and Illumination,” § (124). 

Pyramioal Error: tho departure from exact 
parallelism of tho edges of a prism. Seq 
“ Qoniometry,” § (5). 
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Q 


Quantijm, Planck’s Constant, Valtjbs op, 
obtained by various methods and tabulated. 
See “ Quantum Theory,” § (7). 

Quantitm Limit to a spectrum of X-rays. 
Planck’s quantum relation states that the 
maximum voltage applied to an X-ray tube 
multiplied by the electronic charge is equal 
to the frequency of the shortest ivave 
multiplied by Planck’s universal constant. 
Measuring the limiting wave-length the 
applied voltage can be found. See “ Radio- 
logy.” § (19)- 


QUANTUM THEORY 

§ (1) The Quantum. — It has been found 
possible to account for many of the phenomena 
of physics by starting from the dynamical 
laws of Newton or the electromagnetic laws 
of Maxwell, together with such extensions of 
them as relativity theory. Certain phenomena 
will not, however, fit in, and this in a way 
that requires not merely a modification of 
those laws, but some fundamental revolution 
in our view of nature. The revolution has 
not yet been made in that no one has suggested 
any scheme which should cover both the dis- 
crepant phenomena and the classical mechanics, 
but the quantum theory constitutes a first step. 
At present this theory is hardly more than a 
working rule, but its wide applicability guar- 
antees that it is leading in the right direction. 

The Quantum Theory is definitely contra- 
dictory to the laws of mechanics, and this 
gives an arbitrary quahty to some of its 
applications, in that mutually exclusive ideas 
are borrowed from both sides and combined. 
Such a procedure would of course not be 
tolerated but for the fact that on the negative 
side its absolute necessity has been demon- 
strated and on the positive its use will give 
right results. There is now a considerable 
body of experience showing in what regions the 
quantum is required and in what the classical 
mechanics will prove sufi&cient. The principal 
fields in which the quantum theory has 
achieved success are (in historical order) : (1) 
Planck’s theory of radiation, (2) Einstein’s 
theory of the photoelectric effect, (3) the work 
of Einstein, Debye and others on the specific 
heats of solids, (4) Bohr’s theory of spectra, 
much the most remarkable of all. It has also 
been apphed, with only moderate success, to 
the problem of the equation of state of gases. 
Here, while it explains the phenomena of 
specific heat quite well, the classical mechanics 
seem on the whole capable of dealing with the 
faw of pressure. The kindred problems for 


which the classical mechanics appear to be 
adequate without the quantum are such as 
the diffraction, interference, dispersion, and 
anomalous refraction of light waves, the 
scattering of light by small particles and of 
X-rays by electrons, and such matters as the 
molecular theory of the viscosity of gases. 

The essential fact of the quantum theory is 
the existence of a certain universal constant, 
the quantum, discovered by Planck and de- 
noted by h. Its physical dimensions are 
mass X (length)® x (time)"^, that is the same as 
energy multiplied by time (the “ action ” of 
general dynamics) or as angular momentum. 
Its magnitude is 6-5 x lO"®’ erg. sec. The 
rule for its use may be stated generally as 
follows. If a system can vibrate with a fre- 
quency of V vibrations per second, then the 
energy associated with this vibration can only 
be exchanged with other systems in quantities 
which are exact multiples of hv. Thus radia- 
tion of frequency v will be absorbed by matter 
in amounts hv, and conversely if an electron 
radiates energy E the wave will have fre- 
quency E/A. This rule lacks precision and is 
inadequate for Bohr’s spectrum theory (see 
below), but it covers all the other applications 
and they will show how it is to be interpreted. 
Of these the simplest is the photoelectric 
effect, and though it was not the first develop- 
ment in order of time, yet it will be convenient 
to treat of it here first. 

§ (2) Photoelectbio Effect. — In the photo- 
electric effect ^ fight falls on a metallic surface 
and electrons are in consequence emitted from 
the surface. Let the frequency of the fight 
waves be v, then according to the quantum 
rule the electrons come off with energy hv. 
This is in fact observed to happen, though the 
effect is complicated by subsequent collisions 
which reduce the speed of the electrons, and 
above all by the presence of an electric field 
at the surface which prevents their egress or 
reduces their emergent velocity. Thus the 
energy of none of the electrons is observed to 
be greater than hv - E^, and there is a minimum 
frequency Eo/A for the fight beyond which 
none are obtained. The energy of the electrons 
is quite independent of the intensity of the 
source of fight, which only affects their 
number. 

An enormously exaggerated photoelectric 
effect is obtained from the X-rays, as these are 
electromagnetic waves with frequencies about, 
5000 times as great as those of visible fight. 
In this case the electrons are emitted with a 
very high velocity and E„ is insignificant. 
The converse process has also been observed, 

* See “ Photoeiectricity,” Vol. II. 
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electrons falling on a surface with energy E 
give rise to X-rays and none of these have a 
.frequencj'’ greater than E/A. That lower fre- 
quencies are also observed is due to the fact 
that many of the electrons do not lose all their 
, energy in a single stop. In the hands of 
Millikan this process has been made very 
successful for determining the value of h. 

It is hardly necessary to insist on the in- 
adequacy of classical mechanics to deal with 
the photoelectric effect. In the first place the 
effect would naturally bo attributable to some 
sort of resonance, whereas its character is 
quite different. Also on the classical theory 
an electron should only be able to absorb 
energy which passed in its immediate neigh- 
bourhood, and it is easily calculated that for 
feeble sources of light this energy is so small 
that it would take years for the electron, to 
accumulate the amount of energy which it m 
fact exhibits at once. .Before the advent of 
the quantum theory attempts were made to 
overcome this difficulty by a quasi-oorpusoular 
theory of light. Any such theory, however, 
encounters the insuperable objection that the 
same light which loroduces the photooleotrio 
effect can also exhibit interference and all the 
other phenomena which connote that it is 
extended in the form of continuous waves. 
The combination of these two apparently 
mutually exclusive ideas of continuity and 
discontinuity is typical of iiho' quantum 
theory. 

§ (3) Pautition of ENKuav. — For dealing 
with radiation and specific heats the idea of 
temperature must be introduced and associated 
with the quantum. In this connection tlie 
fundamental question is that of the partition 
of energy, which may be stated as follows. 
If a system of a large number of degrees of 
freedom can be separated into parts, what will 
be the average energy of each of those parts 1 
It will be sufficient here to limit the generality 
to the case where the energy can be expressed 
as the sum of a set of squared terms. In this 
case classical mechanics gives the answer that 
every squared term takes on the average as 
much as every other, an amount \kT., so that 
a vibratory degree of freedom (for which the 
energy is half Idnetic and half potential) has 
AT. Here T is the absolute temperature and 
h the “ atomic gas constant,” that is the 
ordinary gas constant divided by the number 
of molecules in a gramrae-moloculo. This is 
called the theorem of the Equipartition of 
Energy. But the quantum theory gives a 
very different law of partition and in the 
theory of radiation and of specific heats it is 
this other law that is important. According 
to this law, if there is a vibrator in the system 
which can only exchange energy in finite units 
and if e bo the value of this unit, then the 
^ See “Photoelectricity,” § (8), Vol. IT. 


average energy of this vibrator is not AT, but 

e/(e^/AT_i)_ 

The formal proof of this oxyiression is a rather 
complicated matter, depending as it does on 
difficult considerations of probability. It will 
suffice here to deduce it by analogy from the 
case of classical mechanics, where the corre- 
sponding theorem can bo fully establislred. 
Suppose a system composed of a set of 
vibrators, each of any frequency, which are 
capable of exchanging their energy say by 
means of a few freely moving molecules, 
which can ctjllide with tlicm. Except for the 
few moments when collisions are occurring, 
each vibrator has a definite energy half kinetic 
and half potential, and every noAV and then 
this energy is altered by a collision. If the 
vibrator is observed for a very long time the 
energy will take on various values, but some 
more frequently and for longer than others. 
The probability that tho vibrator has energy 
between E and E + cTR is defined as the fraction 
of tho total time during which its energy lies 
between those limits. Then it is a demon- 
strable consequence of the laws of dynamics 
that this probability has tho value Ae" 
where A is a constant that is readily deter- 
mined to bo 1/AT. The average energy of 
,•00 

the vibrator is therefore I E.Ae” Tho 

Jo 

value of this expression when integrated 
is AT, which is independent of E, and this 
is tho theorem, of tho equipartition of 
energy. But if, as in tho quantum theory, 
enoi'gy can only bo taken up in finite units 
tho formula for tho probability must bo altered, 
as E is no longer infinitely divisible, but can 
only be a multiple of e. By analogy with tho 
classical theory wo therefore say that tho 
probability of a vibrator with ne of energy is 
where A' is n constant, provided 
that n is an integer, and is zero if it is not. 
By summing tho j>robabilitios of all possible 
arrangements A' is aeon to have tho value 
1/(1 and tho average energy is now 
found to bo e/(e®''^'''*’ - 1). This is tho partition 
fonnula resulting from Planck’s thooiy. If e is 
small the expression reduces to AT tho equipar- 
tition value, but for larger values of e there is 
less energy. If e is much larger than AT, tho 
partition amount is approximately 
which is very small compared with AT. 

This result has been obtained by extending 
tho foiTu from tho case whore equipartition 
holds. An example will suffice to show tho 
probability basis on which it really rests. Con- 
sider a system composed of four vibrators, of 
which two, A and B, can hold onoygy units e, 
while tho other two, CJ and .0, require units 2e, 
and suppose that tho total energy of tho system 
is 4e. Tho nil© for tho application of prob- 
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ability is then that equal probability attaches 
to every possible different distribution of the 
energy, in which no distinction is to be made 
as to the identity of the units of energy. Thus 
if a, b and c, d denote respectively units e on 
A, B and units 2e on C, D, then all the 
possible arrangements are : actcut, bbbb, (uutb, 
abbb, aabb, aac, aad, hbc, bbd, abc, abd, cc, dd, 
cd, and each of these is to be counted as 
equally likely. Then the average energy on 
A or B is rfe and on C or D is 'ffe. This 
illustrates the tendency for the energy to 
go into the vibrations which have the smaller 
units. The same process carried out with large 
numbers leads precisely to the above partition 
formula. That the probability basis is correct 
is confirmed by the fact that in mechanics 
energy is infinitely divisible, and if that is taken 
to be so in the above work, then the ordinary 
equipartition formula results. 

Thus, since e has the value hv, the con- 
sequence of the quantum theory is that if 
a vibratory system has frequency v, and 
is at temperature T, its average energy is 
not IbT, but 

hv 

^hvlkT_i 

§ (4) Radiation.— It was in bis study of 
the radiation problem that Planck discovered 
the quantum, and it was in the same con- 
nection that Poincar6 demonstrated rigorously 
the inadequacy of the older mechanics. A 
very considerable amount can be discovered 
about radiation by the application of thermo- 
dynamics, a branch of physics that must 
certainly be considered more fundamental than 
dynamics. It can be shown (see “ Radiation,” 
§ (6), (ii.)) that there must be a universal 
formula describing the equilibrium of energy 
between radiation and matter in an enclosed 
space, and that this formula must be of the 
form 

E,v=~/(XT) 

(this is Wien’s Displacement Law), where 
ExdX is the energy (isotropic) per cubic centi- 
metre in the spectral region between X and 
\ -I- dX, and T is the absolute temperature. All 
the thermodynamical conditions, however, are 
satisfied by any continuous function /, and 
so it is necessary to have recoume to other 
principles in order to find the form of /. In 
making use of the quantum to find the radia- 
tion formula it will be therefore allowable to 
choose any specially convenient system, and 
the apparent artificiality of the one chosen 
will be without influence on the result, for 
thermodynamics guarantee that this must 
also be the general formula. 

The system chosen consists of a rectangular 
box with perfectly reflecting sides in which a 


small piece of matter is placed. This matter 
will radiate until the radiation in the box i.s 
in temperature equilibrium with it, that is 
until the radiation is the “ complete ” or 
“ black ” radiation corresponding to the tem- 
perature of the matter. If the matter is now 
withdrawn the radiation will be reflected back- 
wards and forwards from the walls un- 
changeably, and can be easily analysed into a 
set of independent vibrations. The partition 
law can then be used to assign the average 
energy in each vibration. 

Let the sides of the box be a, |3, 7. Then 
the vibrations are described by means of the 
electric and magnetic forces, the typical ex- 
pression being 

-cr A . mivy . n-rrz „ \ 

X=7^Aimn COS Sin sin — cos 2Trv{t + 6), 

where I, m, n are integers, and v is the fre- 
quency. By examining the electromagnetic 
equations it is found that 

(c is the velocity of light), and that there are 
two independent vibrations for each I, m, n 
corresponding to the two directions of polar- 
isation. Now each vibration can be repre- 
sented by marking the corresponding value 
Z, m, n in a three-dimensional space. Then 
the number of vibrations for which v is less 
than is the same as twice the number of 
points marked inside the positive octant of 
the ellipsoid of semi-axes 

2ai^o 2pvg 27^0 
c ’ c ’ c 

This number is 


The number of vibrations wdth frequencies 
lying between v and v + dv is found by differ- 
entiation of this, and is 


Sir a^y 


v^dv 

-g a • 


By the partition law each of these has average 
energy in amount hv/{e^''^^'^ -1) and so the 
total energy in the box in frequencies between 
V and -H dv is 


Sir a^y 


v^dv 


hv 

_ I 


If Vudv is the energy per unit volume between 
V and V -!- dv, then 


U,A = 87r: 


hv 


gXt'/A'T _ j ■ 


To change into the more usual form with wave- 
lengths instead of frequencies it is only neces- 
sary to apply the equations r=c/X and 
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U ,,dv and the result is Planck’s radia- 

tion formula 

^ _ Sirhc 

If tlie equijjartition law lield, the formula of 
Rayleigh ^ would bo given, viz. 

SttAjT 

E*-— • 

This formula is manifestly impossible os it implies 
infinite energy in the infinitely short wave-longtlis. 
but it is inevitably deduced by every method that 
is based on classical mccJianica. For the discussion 
of Planck’s formula see “ Radiation,” § (G). Hero it 
suffices to say that by determining the k of his formula 
from experiments Planok obtained one of the earliest 
really good values for the Avogadro constant. The 
values for h and k as determined bj’ recent experi- 
ments are given by h =0-55 x 10'^'^ erg. see. and 
/: = 1-372 X org./dog. 

An attempt was made by Planok in his “ Second 
Quantum Hypothesis ” partially to reconcile quan- 
tum meohanios with ordinary meehanios by supposing 
that vibrators absorb energy continuously, but omit 
it in units. This theory loads to the same radiation 
formula as the other, but when applied in other 
directions it seems on the whole to vaiao more 
difficulties than it puts to rest. There is little doubt 
that no reconciliation in this way is possible, and 
moat of the subsequent developments of quantum 
theory have proceeded on Planck’s First Hypothesis, 
in which both emission and absorption are dis- 
continuous processes. 

§ (5) SPEOiffio Heats oe Solids. — Before 
the advent of the quantum theory the problem 
of specific heats encountered groat difficulty. 
For it is clear from the omission of spoctra, etc., 
that there are at any rate a considerable 
number of degrees of internal freedom in an 
atom, and each of those should require its full 
share of energy on the equipartition principle. 
The quantum removes this difficulty in that, 
if the frequencies corresponding to those de- 
grees are high, the partition rule •will, at 
ordinary temperatures, require very little 
energy for them. Subject, then, to this now 
condition, the theory fits very well. Thus the 
specific heat at constant volume of a m onatomic 
gas is simply duo to the kinetic energy of 
translation of its atoms. For N atoms it will 
be |/cN. For most diatomic gases two 
further degrees of freedom must bo added, as 
the molecule may rotate about two axes per- 
pendicular to the line joining its atoms ; the 
specific heat is therefore %lcN. In solids 
the atoms must be supposed to have throe 
degrees of potential energy as well as three of 
kinetic, and so the specific heat for N atoms 
will now be 3fcN. This is the law of Bulong 
and Petit — that the atomic weight multiplied 
by the specific heat is the same for all the 
elements. Now there are certain well-known 

T, ' Remarks upon the Law of Complete Radiation,” 
Mag., 1900, xlix. 639. 


exceptions ^ to this law ; diamond has a specific 
heat far below the value it should have. It 
was also discovered that all the other elements 
have much too low specific heat when the 
temperature is very low ; and conversely that 
at a temperature of (>00° C. diamond is nearly 
normal. The elucidation of those facts has 
been one of the successes of the quantum 
theory. It should be remarked that hero wo 
shall only treat of specific heat at constant 
volume. This often diftoi's oonsidcral)ly from 
the observed quantity spoeifio heat at constant 
pressure, but if the compressibility aud thermal 
expansion are known tho one can bo deduced 
from tho other by thermodynamics. 

The first attack on tho j)roblam was duo to 
Einstein. Bubcus had shown that such solids 
as rock-salt have a very strong abs()r])tion 
band for light in tho far infra-red. This is to 
bo attributed to the vibrations of tho atoms 
in the crystal and tolls us their frequency v, 
and so provides a moans of applying tho 
quantum partition rule. Instead of being 3/i:T, 
tho average energy of an atom should bo 
~l) and so, by differentiating, tho 
specific heat of N atoms "will bo 

/yp2(e/<r7M _ ] )S!^- 

This formula roprosonts tho falling off of tho 
spoeifio heat at reduced temperatures, and 
vanishes at tho absolute zero as it should, but 
at very low tomporaturoa it gives values that 
are well below tho oxj)orimontal. An im- 
provement was made by tho em])irieal formula 
of Nornst and Linclomaun, who replaced half 
tho expression by a similar term involving r/2 
instead of v. This roprosonts tho o,xperimental 
results much bettor, but still gives low values 
at tho very low temperatures ; moreover, 
there seems no thoorotioal reason for the i)re8- 
onco of tho octavo terms. 

Tho theory was greatly improved by Debye. 
Tho atoms of the solid, are not to bo rogardod. 
as having a single definite frequency, but will 
vibrato according to a sot of normal modes 
that can bo calculated from the theory of 
elasticity. Now if it wore correct to supiiose 
that tho Bubstanoo was a continuous olastio 
medium, it would follow by a method similar 
to that already used in the radiation problem 
that tho number of degrees of freedom of vibra- 
tion with froquonoios between v and v -i- dv was 



whore a, and are respootively Dio velocities 
of transmission of longitudinal and transverse 
waves. This number, of course, becomes 
infinite 'with v, but it is obvious that thei-e 
are really only a finite number of degrees of 
“ Sec “ Calorimetry, Quantum Tlieory,” Vol, I. 
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freedom — 3N for N atoms. Debye’s method 
consists in supposing that all the frequencies 
below a certain value occur, and beyond 
these none, is determined by the condition 
that there shall be only 3N degrees of freedom 
in all, that is by the equation 


-ttV 

3 






=3N, 


where V is the volume containing the N 
atoms. Applying the quantum partition 
principle, the energy is given as 


47rV 


Va, 


^hvIkH _ I 


v^dv 



The differentiation of this expression by the 
temperature gives the specific heat at constant 
volume. If a “ critical temperature ”0 is 
defined by the equation kQ=hv^{Q may be 
calculated from and a^, that is from the 
elastic constants), then the specific heat may 
be written as 

where /(|)=3(g)“(’,/rr)-.<fc. 


When T is large / becomes equal to unity. 
For small temperatures, on the other hand, 
the specific heat becomes 

3 . i . 77-940 "n. 


This equation is verified fairly satisfactorily 
by experiment. 

Debye’s method of counting the vibrations 
is avowedly only rough, and his estimate is 
least accurate in precisely the place where the 
greatest accuracy in counting is needed, that 
is for the frequencies near An improve- 
ment has been made by Born and Karman, 
who have succeeded in calculating the actual 
normal modes of vibration of a rock-salt 
crystal. They obtain the necessary constants 
from the elastic properties, and get values for 
the specific heat even better than Debye’s. 
The actual comparison with experiment is de- 
scribed in the article in Vol. I. on “Calorimetry, 
Quantum Theory.” 

The fact that the specific heat at low tem- 
peratures is proportional to the cube of the 
temperature -implies that the entropy near 
the absolute zero is a finite quantity ; and by 
choice of the arbitrary constant which occurs 
in the definition of entropy it may be taken 
to be zero at the absolute zero. This is 
intimately related with Nemst’s heat theorem, 
which has had such important consequences 
in physical chemistry. 

§ (6) Speoifio Heat oe Gases.— The appli- 
cation of the quantum to the specific heats 


of gases is not so satisfactory as for solids, 
partly because the experimental data are much 
less accurate, so that a discrimination between 
rival theories is not so easy. At both high 
and low temperatures the specific heat changes. 
At the high it increases — a certain part of the 
increase is attributable to dissociation, but 
it appears also that some of it is due to a 
participation in the energy by some of the 
internal degrees of freedom of the molecule. 
At low temperatures a very remarkable 
process occurs in the diatomic gases. Thus 
diatomic hydrogen at 40° abs. has all the 
characters of a monatomic gas — its specific 
heat at constant volume is ^/cN, and the ratio 
of the specific heats is instead of the ordi- 
nary values -f/cN with a ratio |. 

The molecules of a diatomic gas can take 
energy in three ways. There is, first, the 
translational motion of the whole molecule ; 
as would be expected, this method appears to 
be the same for all types of molecules. 
Secondly, there are the internal vibrations ; 
the most important of these is the vibration 
in which the two atoms oscillate along the 
line joining them. It api^ears that for the 
permanent gases this vibration has too high 
a frequency for it to acquire any energy at 
all at ordinary temperatures, though it 
probably plays a part in the rise of specific 
heat at high temperatures. The third factor is 
the rotation of the molecules, and the treatment 
of degrees of freedom depending on rotation is 
a much more doubtful question. One of the 
most interesting methods is the following. 
Suppose a molecule to be rotating with a 
frequency v, then its angular velocity is 2wp. 
If I is its moment of inertia the kinetic energy 
is ^1(2x1/)^. If the quantum principle is 
applicable this must be equal to ^nhv, where 
n is an integer. (The reason for the factor J 
will be seen in § (7) from the rule for the quanti- 
sation of orbits.) Now suppose that I is 
independent of v, though there does not seem 
to be any cogent reason why this should be 
so in view of the varying centrifugal force. 
Then, since v=nhl4:ir^, the molecule is only 
permitted to rotate with frequencies which 
are multiplies of h/iir^l. There is evidence 
that frequencies of this type do exist from the 
presence of absorption bands in the far infra- 
red. The permissible energies of rotation 
will be n^h^jSir^l. Several methods have been 
tried for finding the specific heat from this. 
That which seems preferable theoretically is 
due to Ehrenfest. He works out the parti- 
tion law ab initio in the same sort of way 
as that sketched in § (3), and it leads to the 
following formula for the total energy of N 
molecules : 

6-‘^ + 4e-^<^ + Qe~^^+ . . . 
l + H- #X:TN, 
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where cr = /i^/Stt HCT. -The specific heat follows 
by differentiation. There are otlier theories, 
which give as good or nearly as good agree- 
ment with experiment — for instance, those of 
Bjerrum and of Kruger. 

Various attempts have also been made to 
introduce the quantum in connection with 
other properties of gases. Tor instance. 
Tetrode • and Keesom have examined the 
result of quantising the acoustic vibrations 
of a gas. This, of course, destroys the validity 
of the Maxwell law of distribution of velocities, 
and the equation of state is modified. The 
attempt is not very successful, and the result- 
ing equation differs from the actual at least as 
much as that obtained from classical mechanics. 

Mention should also be made of some 
theories of Planck, Sackur, and Tetrode, who 
have tried to introduce the quantum in a still 
more fundamental way by using it to define 
the probability basis which controls the dis- 
tribution of molecules. The object was to 
calculate the condensation point of a gas, 
•but none of the theories have boon very 
successful. 

§ (7) Speotexjm Thboey. — It will suffice 
merely to indicate the general outline of the 
Bohr’s theory of spectra, which is the most 
remarkable application of quanta yet made. 
The spectra of many of the elements have been 
analysed into fairly simple formulae, and 
these formulae are completely different from 
those found in the ordinary theory of vibra- 
tions. For the frequency of each line is given 
by taking the difference of a pair of terms, 
and the separated terms usually fall into an 
algebraic series of some kind. This rule for 
constructing linos from terms is called the 
Combination Law of Ritz. For example, the 
series-terms for the primary hydrogen spec- 
trum are of the form N/?i“, where N is a con- 
stant and n any mteger, and so the linos are 

The famous Balmer^ series is the particular 
case where n=2, while n' has all integral 
values greater than 2. Spectrum work is 
usually carried out not in frequencies, but 
in reciprocal wave-lengths ; the constant N/c 
is called Rydberg’s constant. Now in dealing 
with the photoelectric effect it was seen that 
a loss of energy E was associated with 
radiation of frequency "E/h. Therefore if an 
atom of initial energy radiates, and in 
consequence has its energy reduced to R 2 J 
the radiation will be of frequency (Ei-Ea)/i'i. 
Thus the quantum theory directly explains 
the meaning of the combination law ; if any 
series-term is multiplied by h the result is 
the energy either before or after the emission. 

^ See also article “ Spectroscopy, Modern,” Vol. V. 


The reverse argument applies for the absorption 
of radiation. Thus if an atom is in the arrange- 
ment corresponding to energy Eg, and is 
irradiated with radiation of frequency 
(Ej^-Ej)//!, it may absorb it and thereby rise 
to the arrangement with energy E^. 

This use of the quantum is only half the 
solution, however ; for it is still necessary to 
find the arrangements corresponding to the 
series terms, and the laws of ordinary mechanics 
will not determine them definitely. For 
example, the hydrogen atom consists of a 
nucleus and one electron, which describes an 
elliptic orbit about it, and this it may do with 
any radius and any energy whatever. So in 
order to inake the energy of the atom definite 
a second use of the quantum must be nrade. 
This consists in “ quantising the orbits,” 
which means that some of the orbital constants 
are determined by the quantum, so that of 
the infinity of orbits possible on dynamical 
principles only a certain limited series is 
permissible. For example, consider first only 
the circular orbits which the electron may 
describe. The electron can absorb or omit 
energy in multiples of liv ; in addition to this 
the further condition is assumed that the 
angular momentum is to bo a multiple of A/27r. 
This is a consequence of the rule of quantisa- 
tion applied to this case. Thus if a is the 
radius and v the velocity of the electron, the 
motion is given by 

mv^ 6 ® 


where e is the oloctrio charge of electron and 
nucleus, and vi. is the mass of the electron. 
The quantisation gives mva — nhjiTr. From 
these equations it follows that 


'47r%%t 


and the energy is 


1 

~l,y n^‘ 


Thus, if the electron shifts from the orbit of 
radius to that of radius n'^cii there will 
bo an omission of the lino defined by 

__27rVw/ 1 1 \ 

This is precisely Balmor’s expression, and 
the agreement is numerical. Thus the Rydberg 
constant for hydrogen is directly observed to 
bo 109077-091 cm."^; if the most aoourato 
known values of e, m, h, and c are substituted 
in the above expression the result is 1-096 x 10® 
cm."’-. The value of aj, the least permissible 
radius, is about 0-6 x 10”® om., which is of the 
same order as the known size of atoms. 

This is the substance of Bohr’s original 
discovery. The second groat advance is the 
extension of the principle by Sommorfeld to 
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the case of more complicated orbits. In these 
cases the principle of quantisation can best be 
expressed in the language of general dynamics. 
Thus in a periodic or quasi-periodic motion 
let q be one of the co - ordinates which 
define the motion, and p the corresponding 
momentum ; then q and p will fluctuate about 
certain values during the period. The relation 
which expresses the quantisation of the orbit is 
nh—J'pHq, where the integral is taken round 
one period, and this is to be applied for each 
of the variables q. In the previous example q 
was the vectorial angle and ranged from 0 to 
27r, and p, the angular momentum, is there- 
fore a multiple of li\2r. 

In elliptic motion the quantisation is natur- 
ally more complicated, as it applies to both 0 
and r. The angular momentum is again 
constant, so that the quantisation gives 
Pg —nJhi^Tv. The radial momentum is 

dr Pg dr 
dd' 

and the quantum relation for this is - 

dB, 

where the integration is to be taken from 
the minimum of r to its maximum 
and hack again, that is once round the 
ellipse. Now if a is the half major axis 
and e the eccentricity, the equation to the 
ellipse is a(l - e^)/r = 1 -I- e cos 0 and pg is given 
by the relation = e-mail - e^). Substitut- 
ing for J* in terms of B and performing the in- 
tegration we have 'ihh=PQ • 27r[(l - e®)~ i'- 1]. 
Hence the permissible orbits are those for which 


and 


n^ + n^ 


{n^ + n^)Vh^ 
4:tr^ehn 


= (%-fn2)2oi. 


The total energy is found to be 

„ __ 2v^e‘^m 1 

Wi, Mjj ~ (n^-f Un)"' 

As and are integers, each permissible orbit 
has major axis equal to the diameter of one 
of the circular orbits obtained above, and 
this diameter determines the energy, but 
the eccentricity can only have certain pre- 
scribed values. For example, if 
we have three, and only three, different orbits : 
(1) n^ — 3, 712 = 0, a circle of radius 9%; (2) 
Sly — 2, 77.2 = 1, an ellipse of which the semi- 
axes are 6ui, and the eccentricity is 

i^/SjS; (3) 72.1 = 1, 772 = 2, an ellipse of semi- 
axes Ocq, 3cii, and eccentricity J8j3. The 
case 7ii=0, 72-2 = 3 is supposed to be inad- 
missible, as it would involve a collision of the 
electron with the nucleus. The red hydrogen 


line N(l/2^ — T/3^) is thus made up of six com- 
ponents derived from the change from any 
one of these three orbits to either of the orbits 
ny =2, 71^=0, or 7i/ = l, 772 ' = !. 

Sommerfeld also took into account the fact 
that the mass of the electron is a function of 
its velocity. This modifies the orbits in such 
a way that the ellipses have slightly different 
energies. The consequence is that each line 
of the Balmer series has a fine structure of a 
type he was able to predict, which has been 
confirmed by experiment. The method has 
also been applied, with complete success, to 
the influence on spectra of electric and magnetic 
fields, the Stark and Zeeman effects. For 
these cases, in order to predict the polarisation 
of the component lines, it is necessary to intro- 
duce supplementary principles. Sommerfeld 
has suggested a “ principle of selection ” 
{Auswahlprinzip) dejpending on the idea of 
the momentum of radiation. In addition to 
giving a polarisation rule, it has the conse- 
quence that certain lines, which would on the 
original theory have been expected, will not 
be found, as is experimentally the case. An 
alternative, which appears preferable, is 
Bohr’s “ principle of correspondence.” It is 
not possible to describe this here, but the 
general idea is that the behaviour of a quantised 
system may be predicted by assimilating the 
result which would be obtained when the 
number of quanta is large, to the result given 
on the principles of classical mechanics. 

As points of further interest in the theory, 
mention may be made of the fact that ionised 
helium gives a spectrum precisely the same 
as hydrogen, except that the constant N is 
changed. Here, as in hydrogen, there is a 
single electron moving round a nucleus, but 
now the nuclear charge is 2e. Hence the 
permissible orbits are all half the size of the 
others, and the corresponding energies are 
four times as great. The new N is almost 
but not quite exactly four times as great as 
the old, and the departure from exactness 
has been explained very satisfactorily. It is 
attributable to the fact that the mass of the 
nucleus is not infinite compared to that of 
the electron, so that the nucleus itself has a 
small motion. As the helium nucleus is four 
times as heavy as the hydrogen, there will be 
a difference in the two motions, with a resulting 
effect on Rydberg’s constant. It is possible 
in this way to evaluate the ratio of the mass 
of an electron to that of a hydrogen atom 
from purely spectroscopic data. Another 
point of interest is that the X-ray spectra can 
be analysed into terms, many of which fit 
into series of exactly the same form as those 
of hydrogen and helium, and these lines exhibit 
the same fine structure too, but that the separa- 
tion of the components is much greater. A very 
considerable theory of these spectra exists. 
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By using (a) Rydberg’s constant, (/3) the 
difference of this constant for hydrogen and 
helium, ( 7 ) the “ constant of fine structure ” 
and the value of the velocity of light, it is 
possible to work out from spectroscoijic data 
alone all the fundamental elementary con- 
stants e, m, and h. Of the three relations (a) 
is known so accurately that the precision 
depends entirely on the other two. Of these 
(/ 3 ) determines what is in effect e.jm in terms 
of the small difference between two large, 
but accurately known, numbers ; its precision 
is about equal to that from direct methods. 
( 7 ) gives a relation between e and h in terras 
of the separation of the Imes in the fine 
structure, and the observations are exceedingly 
difficult. The resulting values from the three 
relations are nearly as good as those by other 
methods. 


TA.tsLH Off Values off the Quahtum 


AXIO'JU 

Metliod. 

Notea^ 

6-551+0-009 

l^ofcal radiation 

A 

6-557 + 0-033 

Speotral radiation 

B 

0-678+0-02(1 

Photooleotrio olToct 

C 

0-666 + 0-009 

X-rays 

D 

6-679 + 0-021 

Ionisation ])otcntial 

E 

0-520 ±0-200 

SiTOOtrosooplo data 

F 

6-647 + 0-000 

Serai -speetrosoopio data 

G 


A is clotormincd by taking k known in tho formula 
for tlie total radiation. 

B is dotormined from tho position of tho maximum 
intensity of black radiation at any tomporaturo. 
C is found dirootly from observations on tlio photo- 
cleotrio offeot, 

D is dotormined from the minimum wave-longth of 
X-rays excited by oleotrons of Icnown energy. 

E depends on observations that are lialf spootrosoopio. 
From spectroscopy tho energy of an atom may 
be known. Tlio ionisation potential gives an- 
other measure of this, as it sliows the energy 
nooessary for the removal of an oloetron. 

F is determined by tho purely speetrosoopio method 
involving tho above relations a, /3, 7 . 

G is determined by the use of (a) and (/3) as in F, 
but ( 7 ) is replaced by using tho known value of e. 

Of those methods all except F depend on 
assuming Millikan’s value 4-774 x 10*^“ ± 0-009 
E.S.U. for e, the electronic charge ; but tho 
close agreement between A and B is a direct 
support for that value. c. o. j,, 

BinuoanAfficY 

For most of tho quantum theory It is unnecessary 
to refer to the original papers, as they have boon 
Incorporated in many books. Among others the 
following are works that may usefully bo consulted. 

La TIdorie du raj/onnement, et den quanta (Gau- 
thier Vlllars, Paris, 1912) is an aceount of a congress 
hold at Brussels in 19 iO of leading physlelsts. All 
tho earlier aspects of tho quantum theory are very 
fully discussecl. 

Bmort on RndMion and the Quantum Theory, by 
.T. H. Jeans (Lond, Phys, Hoc., 1914), is a concise 
account of the whole Held of tho quantum theory, 


except that spectrum theory has developed a great 
deal further shiee its publication. 

A System of Thysirnl Chemistry, vol. ill., by \V. f!. 
Met!. Lewis (l.ongmans, (irecn A-, t'o., 1919), gives a 
very detailed, but niieritk-al, aceount of many parts 
of the quantum theory, without the use of imudi 
mathematies. 

Atomlmi und SpeMrallinicu, by A. Sommerfeld 
(\ieweg, 1919), gives a very complete aca-omit of 
atomic iihysles, with special refereneo to the Bolir 
theory of spectra. 

The. Dynamical Theory of Gases, by J. H. .leans, 
Tliird Edition ((Amb. llniv. Press, 11)21)), contains a 
few chapter.s dealing inathcinatleally with tho chief 
points of tile theory. 

Report on the Quantum Theory of Spectra, by L. 
Silberstein (Adam llilger, 1929), is a short but eom- 
])leto account of siieetnim theory. 

Ileferenees to original iiapers will be found In these 
works. Bohr’s “ (’orrcHpoiuU'nee Principle ” is dealt 
with in two T)apcrB “ C)u tlie G.uuutiim 'I’heory of Line 
Kpeetra” by N. Bohr {/;. Kyi. Jiansk. Vidensk. Selsk. 
Skr., 1918) ; tlie papers are In Kiigllsh. 

Quartz, anomalous disiiorsion of. See 

“ Wave-lengths, Tho Mcasuromont of,” 

§(V)- 

Crystallino form of. See “ Quartz, Optical 
Rotatory Power of,” § (2). 

Optical rotatory power of, for some im- 
portant wavo-longths, tabulated. See 

ibid. § (4), Table II. 

Optical sj'stems, used in microscopy with 
ultra-violet light. See “ Microscojiy with 
Ultra-violet Light,” § (3). 

QUARTZ, OPTICAL ROTATORY 
POWER OF 

§ (1) HiSToaroAL. — Tho phenomenon of 
optical rotatory^ power was discovered by 
Biot, who communicated to the Institute of 
Franco on November 30, IHI2, a memoir of 
371 pages, “ On a Now Kind of Oscillatioti 
which the Molecules of Light experience in 
traversing certain Crystals.” Arago, in 1811,® 
had found that a plate of quartz, inLori)oaed 
between a polariaer and analyser, was eai)al)le 
of depolarising the light in such a way that 
transmission took place where [)rovioiiHly there 
had been complete extinction. ';rho trans- 
mitted light was not white but coloured. 
Thus with inoroasing thickness of the plate 
tho colours changed progressively through the 
series — yellow, orange, rose-red, violet, blue, 
and green. Thoso eoloui’s were shown by 
•Biot to bo due to a rotation of tho piano of 
polarisation, which increased (i.) with tho 
thickness of the plate, (ii.) with change of 
colour from rod to violet. It was therefore 
impossible, when a beam of polarised light 
had passed through a quartz plate, to ex- 
tinguish all tho colours simultaneously. Q'lie 
tints which Arago observed were duo to the 
selective extinction of light which had been 
rotated through 180° (or a multiple of 180°) 
by tho plate of quartz. Thus a plate about 

' See also " Polarised Bight," § (20), and “ Polarl- 
metry," § (1,). 

* Mem. Imt., 1811, pp. 93-134. 
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4 mm. thick which rotates the plane of polari- 
sation of violet light through 180° gives rise 
to a yellow tint. As the thickness of the plate 
increases the absorption band moves towards 
the red end of the spectrum, but before it 
has disappeared into the infra-red a second 
absorption band moves in from the ultra- 
violet, so that a plate of quartz about 9 or 
10 mm. thick gives an extinction both at the 
red end of the spectrum, where the plane of 
polarisation is rotated through 180°, and in 
the blue or violet region, where it is rotated 
through 360°. Those extinctions at the two 
ends of the spectrum give rise to the green 
colour, which is the last member of the series 
of colours recorded above. Thicker plates give 
extinctions which increase progressively in 
number and in the closeness Avith which they 
are packed in the spectrum. No marked 
coloration is then observed in the transmitted 
light, although the absorption bands can be 
seen very clearly with the aid of a spectro- 
scope. A quartz plate, 3-65 mm. in thick- 
ness, produces a rotation of 90° in the bright 
orange-green region of the spectrum, a little 
on the yellow side of the green mercury line 
of wave-length 0-5461 fi, which gives a rotation 
of 93° in a plate of this thickness. When the 
polariser and analyser between which the 
quartz plate is inserted are parallel instead 
of crossed the brightest part of the spectnim 
is extinguished and a rose-violet colour, knoAvn 
as the neutral tint, is produced which is very 
sensitive to small changes in the setting of 
the polariser or analyser, or in the thickness 
of the plate. This fact was formerly utilised in 
the construction of polarimetera for measuring 
the rotation of polarised hght in various media. 

§ (2) Crystalline Form. — The typical 
crystals of quartz have the form of a hexagonal 
prism capped by two hexagonal pyramids, 
and are therefore referred to the “ hexagonal 
system ” in which the faces are located most 
conveniently by tbeir intercepts on a vertical 
principal axis and three horizontal axes 
inclined at 60° to one another. A closer 
examination shows the presence on some 
crystals of small facets (Fig. 1, (a) and (b)) 
which reduce the symmetry of the crystal by 
destroying the six vertical planes of symmetry 
intersecting in the principal axis, which are 
present in the simple hexagonal prism. Even 
when these facets are absent the lower sym- 
metry of the quartz crystals can be shoAvn 
by studying the tiny “ etched-figures ” ob- 
tained by the action of hydrofluoric acid on the 
crystals. When these factors are taken into 
account it is seen that the quartz crystals 
are not “ holohedral ” but “ tetartohedral,” 
the smaller facets including only six facets of 
each form instead of twenty-four as in the 
holohedral system of symmetry, where each 
face of the hexagonal prism would carry a 


facet on each comer. The symmetry of the 
quartz crystal is in fact restricted to one 
vertical axis of threefold symmetry, and 




I'm. 1. — (a) Dextrorotatory Quartz; 

(b) Laevorotatory Quartz. 

three horizontal axes of twofold symmetry; 
these axes of symmetry coinciding Avith the 
four crystallographic axes used in locating the 
faces in the hexagonal system. Since no centre 
of symmetry and no plane of symmetry is 
present, the crystals can exist in two enantio- 
morphous forms as in Fig. 1, (a) and (b). The 
optical rotatory poAver of quartz is observed 
in plates cut perpendicularly to the principal 
axis, and these two types of crystals rotate 
the plane of polarisation of light to an equal 
extent but in opposite directions ; tAvin 
crystals containing both forms of quartz are 
also found. Herschel, who discovered the 
relationship between the crystal form and 
rotatory power of quartz, reversed Biot’s con- 
vention by describing as dextrorotatory a 
plate of quartz which turns the plane of 
polarisation to the right as viewed from the 
polarizer, i.e. in the opposite direction to 
dextrorotatory camphor or sugar, Avhich rotate 
the plane of polarisation to the right as viewed 
from the analyser, since in the case of organic 
compounds Biot’s convention is always fol- 
lowed. Herschel’s convention is stni used by 
opticians, but in Fig. 1 Biot’s convention is 
used.^ 

§ (3) Rotatory DiSPER.giON. (i.) Biots 
Law. — Biot’s investigations revealed the ex- 
istence of two types of optical rotatory disper- 
sion, as indicated in the following data : ® 



Quartz. 

Tartaric Acid. 

Red . . , . 

18-99° 

38° 1' 

Yellow . 

21-40° 

40° 29' 

Orange . 

23-99° 

42” 6T 

Green . 

27-80° 

40° 11' 

Bine. 

32-31° 

44° 40' 

Indigo . 

36-13° 

42° 9' 

Violet . 

40-88° 

39° 38' 


* Nature, 1922, cx. 808. 

* M4m. Acad. Sci., 1838, xv. 230, 
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In the ease of quartz the rotations increased 
progressively as the wave-length diminished, 
and Biot concluded that “ the rotation of the 
different simple rays is reciprocal to the square 
of their wave-lengths ” ; ^ in the case of 
tartaric acid the rotations passed through 
a maximum in the green. Turpentine and 
cane-sugar appeared, however, to be identical 
with quartz in their rotatory dispersion, since 
the optical rotations which they produced 
could be neutralised completely with the help 
of a quartz plate of opi)osite sign and suitable 
thickness acting as a comjiensator ; this fact 
has been utilised in the construction of 
saccharimelers, in which the strength of a 
solution of sugar is determined by balancing 
its optical rotation with that- produced by a 
variable thickness of quartz. 

(ii.) Drude's Theory. — Biot’s law, a — kjX^, 
was proved by more exact measurements to 
give only an approximate representation of 
the variations with wave-length of the rotatory 
power of quartz, cane-sugar, etc., and was 
modified by Boltzmann, whose equation may 
be expressed as a~kj\^ + This equa- 

tion was purely empirical and did not provide 
an adequate expression of the deviations from 
Biot’s law ; Drude, in his Theory of Optics 
(1900), put forward an equation based upon 
the electronic theory of radiation whioh 
accounts for the observed facts in a satis- 
factory manner. Drudo’s equation for light 
which does not approximate in frequency to 
that of the electrons of the opticaily-active 
medium takes the form 

_ ^^1 L _ ^‘^2 __ L 

where X^^ . . . X„®, are the wave-lengths 
correspmiding with the various “ free-porioda ” 
of the electrons of the medium, and ky, k^, 
are constants. 

§ (4) Experiment At; Verimoation. — The 
writer has shown that a single term of Drudo’s 
equation provides an adequate oxi)ression both 
of the optical and of the magnotio rotatory 
dispersion in a large range of organic com- 
pounds,^ whilst the phenomena of anomalous 
rotatory dispersion as observed, for instance, 
in the esters of tartaric acid are covered com- 
pletely by malting use of two terms of opposite 
sign.® In the case of quartz, a single term of 
Drude’s equation serves to express the rota- 
tions to about 0-040° per mm,, over a consider- 
able range of the spectrum, as shown in Table I., 
where ai = ifc(X® -X'o®), /s = 7-1764, X„® ™0-01677;<‘ 
but Drude himself used two terms in order to 

^ Mdm. Acad. Set, 18J 7, 11. 49, 67, and 135; paper 
road iSept. 22, 1818. 

“ Trans. Ohem. Soc., 1913, clU. 1067, and 1919, 
cxv. 300. 

® Ibid., 1016, evil. 1187. 

* B,upe iind Akonnann, Annalen der Chemie, 1920 
ccccxx. 11 ; compare 'Lowry and Dickson, Trms. 
Chem. Soc., 1913, clii. 1072. 


cover the data given by Gumlich ® for wave- 
lengths ranging from 2-140 /a to 0-21935 /x. 
In this equation he assumed the free periods, 
as deduced from measurements of refractive 
dispersion, etc., to be given by 

Xi® = 0-010627, X2® = 78-22, X8®=430-6,- 

It appeared, however, that the two free periods 
corresponding to radiations in the infra-red 
did not affect the rotations in the range 
covered by the observations of Gumlich, so 
that /c 2 = 1^3 = 0. On the other hand, Drude 
found it necessary to introduce a term k'/\^ 
to express the fact that the rotations apjiearod 
to bo influenced by ions “ whoso natural i)oriods 
are extremely small, much smaller than those 
corresponding to X,,” so that no constant 
corresponding to X/ or X^® need bo introduced 
into this term of the equation. The equation 
thus deduced took the form 

ky ¥ 

where Xi®-.0-010627,Ai«12-200,andii;2»~ 5-040. 

In the series of eighteen rotations quoted 
from Gumlich, wdiich ranged from 1-60° to 
220-72° per mm., the equation gave a maxi- 
mum deviation of 0-28°/mm., and an average 
deviation of 0-06°/ram. between the observed 
and calculated values as set out in Table I. 

Table I 


Dbud'b’s Formula tor the Rotatory Power ojt 
Quartz 


A. 

a. (oba. ). 

OiiB Tui'tii. 
a»(ciilu.)]00(a-aal. 

Twd 

ailciild.) 1(10 (a - oil) 

2-140/x 

1-60 

1-67 +3 

1-67 -(-3 

1-770 

2-28 

2-.30 -2 

2-29 -1 

1-460 . 

3-43 

3-44 -1 

3-43 H 

1-080 

0-18 

6-24 -6 

0-23 ~6 

0-07082 

10-64 

10-64 -1- 

10-60 -2 

0-06031 

17-31 

17-33 -2 

17-.33 -2 

0-68932 

21-72 

21 71 +1 

21-70 ^ 

0-67906 

22-66 

22-63 -1 2 

22-63 -+-2 

0-67696 

22-72 

22 70 +2 

22-70 4-2 

0-64010 

26-63 

26-60 -1-3 

26-61 +2 

0-60801 

29-72 

29-07 -16 

29-07 +6 

0-49104 

81-97 

31-91 -+6 

31-92 -1-6 

0-48001 

33-67 

33-69 -fS 

33-00 +7 

0-43680 

41-66 

41-43 -i-12 

41-46 -1-9 

0-40408 

48-93 

48-86 H 8 

48-86 +8 

0-34406 

70-69 

70-02 ~3 

70-01 -2 

()-27467 

121-00 


121-34 -28 

0-21936 

220-72 


220-67 -1-16 


A series of readings to six signiQcant figures of 
the rotatory power of quartz, made with tho help 
of a ooluBun of dextro-quaxtz 181 mm. in length, 
and a column of laovo-qunrtz 226 mm. in longtli,* 
showed that tho two-term formula employed by 

' Wied. Ann., 1898, Ixlv. 349. 

" Lowry, Boy. Soc. Phil. Trans., 1912, A, coxll. 
261-297. 
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Drude was far from exact even over the narrow range ] 
from Li 0*6708 to Hg 0*4358, within which visual read- 
ings can be taken. A satisfactory agreement was, 
however, obtained by reintroducing one of Drude’s 
infra-red terms as in the equation 

Ic ^ ^ ^2 

where = 0*0 10627, 

Xa^ =78*22, 

Zq = ll*6064, 

^2 = 13*42, 

•A= -4*3685, 

This formula, in the case of twenty-two out 
of twenty -four wave-lengths, gave an average 
deviation between the observed and calculated 
rotations of only 0*001° per mm. or 1 part in 
25,000, and this deviation has since then been 
reduced to one-half of its former magnitude 
by introducing for the wave-lengths the more 
exact values deduced in recent years from 
measurements with the interferometer ; but i 
even this formula becomes inexact when applied ! 
to the most exact measurements in the ultra- 
violet region of the spectrum. These measure- 
ments, made by a photograpMc method, with 
a column of laevo-quartz nearly half a metre 
in length, include some 700 wave-lengths, and 
can be expressed by the formula 

, jfc, ICn 

where 

Xi^ =0*012742, X22 = 0*000974, 

A:j = 9*5644, ^ 3= -2*3114, *=-0*1916. 

In this formula it has been necessary to 
introduce two “ ultra-violet ” terms, with 
dispersion-constants, X^® and deduced in- 
dependently of the constant 0*010627 which 
Drude had derived from measurements of 
refractive dispersion, and which is perhaps 
a sort of “ mean ” of the two constants set 
out above. The increased importance which 
is thus attached to the more distant ultra- 
violet absorption-band is counterbalanced by 
a diminution in the influence assigned to the 
infra-red bands ; this is so sHght that it is a 
matter of indifierence whether it is expressed 
by a term ^/(X®- 78*22) or by a mere constant 
as in the equation now adopted, where the 
infra-red terms contribute only -0*1915° per 
mm. to a rotation which ranges from 16*5359° 
per mm. at Li 0*6707846 to 41*5487° at Hg 
0*4358342 fi, and 187*225° at Pe 0*2327468 fi. 
This formula represents the rotations in 
this range with an average error of 0*0007° 
per mm. (or about 0*003 per cent in visual 
readings) for twenty-three wave-lengths, and 
, 0*003° per mm. (or about the same percentage 


as for the visual readings) for 700 wave- 
lengths read by the photographic method. 
The problem of redetermining the rotatory 
power of quartz in the infra-red region has 
not been undertaken seriously, but the formula 
given above shows an average deviation of 
about 0*05° per mm. in' comparison with the 
first series of new infra-red readings. 

The optical rotatory power of quartz for 
some important wave-lengths is set out in 
Table II. 

Table II 


Optical Rotatoev Powee op Quaetz 


A. 

a. 

(a-a4)10X 

Li 0*6707844 g. 

16*5369 ° 

-4 

Cd 0*64384696 

18*0225 

-11 

Zn 0*6302344 

18*4786 

-18 

Na 0*5896930 

21*7001 

-13 

Na 0*5889903 

21*7483 

+3 

Hg 0*5790059 

22*6455 

+ 1 

Cu 0*5782158 

22*6157 

-1- 

Hg 0*5709698 

22*7201 

-f 

Cu 0*5700248 

23*3101 

-3 

Ag 0*5471661 

25*4318 

*+*15 

Ag 0*5405489 

25*4911 

+7 

Hg 0*6400741 

25*5371 

-6 

T1 0*536006 

26*0718 

+6 

Ag 0*5209084 

28*2447 

4.4 

Cu 0*5153220 

28*9036 

“2 

Cu 0*6105547 

29*4861 

-7 

Cd 0*5085822 

29*7308 

-10 

Zn 0*4810534 

33*5164 

-15 

Cd 0*4799922 

33*0701 

-12 

Zn 0*4722162 

34*8875 

-13 

Zn 0*4680138 

36*6712 

-3 

Cd 0*4678103 

36*0043 

+- 

Hg 0*4368342 

41*6487 

-10 

A. 

a. 

(a — 04)10“. 

Pe 0*5371493 fx 

26*448 ° 

-3 

Pe 0*5232968 

27*960 

-3 

Pe 0*6001880 

30*813 

-1 

Pe 0*4789667 

33*830 

-3 

Pe 0*4647437 

30*114 

-4 

Pe 0*4631165 

38*102 

— 2 

Pe 0*4376934 

41*183 

-1 

Pe 0*4233016 

44*289 

+ 1 

Pe 0*4118652 

47*008 


Pe 0*3935818 

62*000 

-4 

Pe 0*3805346 

60*103 


Pe 0*3640391 

62*085 

-1 

Pe 0*3486344 

68*580 

-2 

Pe 0*3323739 

76*561 

-14 

Pe 0*3126601 

88*483 

-10 

Pe 0*2941347 

102*434 

-h 

Pe 0*2813290 

114*277 

+4 

Pe 0*2679065 

129*200 

+-17 

Pe 0*2413310 

109*061 

+-2 

Pe 0*2327468 

187*225 

-1-4 


In this table the rotations are given to 
0*0001 °/mm. for twenty-three wave-lengths, 
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and the deviations from tlie formula are given 
to the fourth decimal place ; rotations are 
also given to 0'001°/mm. for twenty of the 
eighty iron lines of the standard series, the 
deviations from the formula being given to 


the third decimal. In the case of other series 
of lines the wave-lengths are usually too 
uncertain to give any satisfactory agree- 
ment between the observed and calculated 
values, iji, L, 
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Radiation, Application op Quantitm 

TitEOEY TO. See “ Quantum Theory,” § (4), 

RADIATION, DETERMINATION OF THE 
CONSTANTS AND VERIFICATION 
OF THE LAWS 

I. Inteoductoey Disoussion 

§ (1) Statement op the Laws op Radiation. 
— The derivation of the laws of radiation 
from a uniformly heated enclosure or so- 
called black body are given elsewhere in this 
Dictionary.^ It is therefore suffioiont to say 
that the law of total radiation, generally called 
the Stofan-Boltzmann (2) law, states that the 
total emission of thermal radiation R of all 
wave-lengths passing from a uniformly heated 
enclosure at temperature Tj^ to another body at 
a temperature T^ is proportional to the differ- 
ence of the fourth jiowers of their .absolute 
temperatures, or 

R = <r(T/-T„*). . . . (1) 

In this formula c is the coefficient or constant 
of total radiation under disoussion. The 
numerical value of this coefficient is of the 
order a-=5-7 x 10"® erg per cm.® per seo. per 
deg.^. In this paper only the first three signifi- 
cant figures will bo mentioned, e.g. cr = 6*72. 

That the total radiation from a properly 
constructed and uniformly heated cavity is 
proportional to the fourth power of the absolute 
temperature is amply demonstrated within the 
experimental errors of observation and the 
accuracy of the temperature scale. 

The law of spectral radiation, which specifies 
the distribution of thermal omission intensities 
in the spectrum of the radiation emitted by a 
uniformly heated enclosure, or so-called blade 
body, is best represented by Planck’s (3) 
formula 

E,^=Ci\-®(e«»/^®^-l)-L . . (2) 

In this formula the constant determines, 
to a groat extent, the slope of the isothermal 
spectral energy curve. Suffioe it to say that 
these laws are based on well-grounded theo- 
retical foundations, and after almost two 
decades of disous.sion they remain unchanged. 

The object of this paper is to examine 

' Hoc “Quantum Theory,” § (4); "llacUatlon 
Theory,” § (0) ; “ Pyrometry, Optical,” § (1), Vol. I. 


into the various instruments and methods 
employed in the determination of these two 
constants, cr and Cg, and to give an estimate 
of the results therewith obtained. 

At first glance the various determinations 
of these constants appear to cover a wide 
range of numerical values. This is es])ocially 
true of the values of the ooeflioiont of total 
radiation, cr, in the moaHuroment of which all 
sorts of ill-considered methods have been used. 
Moreover, no corrections wore made for atmo- 
spheric absorption of the thermal radiation in its 
passage from the radiator to the receiver. As 
will bo sliown presently, moat of those older 
determinations are in remarkably close agree- 
ment with the newer ones, when obvir)us 
corrections for atmospheric absorption and 
for roflection of the incidont radiation from the 
receiver are introduced. 

While no doubt it is desirable to conform 
to strict specifications and methods of pro- 
cedure, in the ultimate result oorapromiaos 
have to be made. For example, it is conceded 
to bo desirable to use a black body receiver 
as well as radiator, but mo.st of the receivers 
of this type, thus far used, wore usually of 
groat heat capacity, hence slow acting and 
subject to errors ; whereas the question of 
speed is an im])ortant factor in making 
measurements. Each method has some defect, 
but in some eases this is negligible in 
comparison with the accidental errors of 
experimentation. 

The evaluation of radiant energy in absolute 
measure is acoom|)lishod by substitution 
methods ; and the fault to be found with the 
various methods thus far employed is that 
they are unsymmetrioal in their apiilioation. 
What is needed is some sort of quick -acting 
calorimeter in whioh the energy rooovorecl 
can be compared with the energy supplied. 
But one can hardly oxiioot to make accurate 
measurements on a radiator heated to say 
1000“ C. with an instrumont that is adapted 
to measure the solar constant. 

It may be noted that in many of the 
experiments whioh will now be described 
the radiators wore operated at temperatures 
whioh were too low to eliminate properly the 
oorreotion for temperature (radiation) of tlie 
shutters, diaphragms, etc., and also for the 
losses by air conduction in the receiver. 
On the other hand, some exporimontora used 
radiators operated at a high temperature, 
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thus obviating these difficulties ; but then 
the receiver was a sluggishly acting instrument 
which could not be properly calibrated. To 
Fery is due the credit for abandoning the idea 
of using a radiator heated to 100° C., and 
adopting a radiator heated to 1000° 0. or 
higher. In this manner the radiation to be 
measured is far in excess of the small disturbing 
factors, such as radiation from shutters, 
diaphragms, etc. 

§ (2) DrscussioK of Black Body Radia- 
tion AND Radiators. — In order to arrive at 
an intelligent understanding of what has been 
accomplished in the determination of the 
constants of radiation, and in order to indicate 
the way to future progress in this subject, it 
is important to consider some of the concep- 
tions, as well as some of the most recent 
instruments and methods used in the produc- 
tion and measurement of the radiation 


emanating from a uniformly heated enclosure 
or so-called black body. 

Every substance has a characteristic emis- 
.sion spectrum. On the other hand, the 
emission spectrum of a uniformly heated 
cavity is independent of the composition of 
the material forming the walls of the enclosure. 
It is a function only of the temperature. 

The emission of thermal radiation from, 
and the absorption of thermal radiant energy 
of all wave-lengths entering into the cavity 
is complete. In a material substance this 
can occur only on the short wave-length side 
of a band of anomalous dispersion where the 
absorptivity is high but where the refractive 
index and hence the reflecting power is practi- 
cally nil — ^for example in quartz (14), selenite 
and aluminium oxide, in the region of 7 to 
10 fi (ju— 0-001 mm.). 

Modem conceptions of black body radiation 
are the result of slow development from such 
simple experiments as those of Draper^ (4), 
who found that the interior of rifle barrel 
became luminous at a certain temperature ; 
of Christiansen (6), who observed that the 

' The number (4) and other similar numbers refer 
to the Bibliography at the end of the article. 


scratches and conical-shaped holes in an 
incandescent metal surface were brighter than 
the smooth surface ; and of St. John (7), who 
found that the selective emission commonly 
observed in the rare oxides disappeared when 
these substances were heated to incandescence 
in a uniformly heated porcelain tube. 

(i.) Radiators. — The modern uniformly 
heated cavity or so-called black body is the 
outcome of such observations and facts as 
those just mentioned. It is the invention of 
Wien and Lummer (8), and, for attaining 
high temperatures, it consists of a cliaphragmed 
porcelain tube wound with a platinum ribbon 
which is electrically heated. In the modifica- 
tion used by Coblentz (15) this radiator 
consisted of three concentric jjorcelain tubes 
A, B, and C {Fig. 1). The inner tube A, of 
Marquardt porcelain, is wound uniformly with 
a platinum ribbon 0-02 mm. in thickness. 

This ribbon is 20 mm. wide in 
the centre, gently tapering to 10 
mm. wide at the ends in order 
to provide extra heating at the 
ends so as to compensate for 
heat losses by radiation. The 
middle tube B is wound with a 
ribbon of platinum 10 mm. wide 
and 0-02 mm. in thickness. The 
ends are closely wound in order 
to provide extra heating and, 
in this manner, to compensate 
for the cooling of the ends by 
radiation. By properly regu- 
lating ' the current through 
these platinum strips the 
cavity can be heated uniformly throughout 
the greater part of its interior, as shown by 
Waidner and Burgess (16). The use of 
platinum ribbon instead of thick platinum 
wires eliminates local non-uniformity of 
temperature. The central 25 mm. length of 
the tube A was wound so that one turn of 
the platinum ribbon entirely covered what 
comprises the theoretical black body. 

In radiators of this t3rpe the porcelain tubes 
sag on heating to 1200° C. To overcome this 
difficulty, in the determination of the radiation 
constants, to be described presently, Coblentz 
(15) placed a wedge-shaped fragment of 
porcelain with a sharp edge S {Fig. 1), about 
2 mm. long, about 25 to 30 mm. to the rear 
of the radiating diaphragm. This support 
causes no local cooling and it preserves the 
life of the radiator. Further improvements 
are made in completeness of the emission of 
the radiation by painting the walls and the 
front side of the radiating diaphragm with a 
mixture of chromium oxide and cobalt oxide. 
Since these oxides become electrically conduct- 
ing at 1200°, the front thermocouple, Th, was 
completely enclosed in a porcelain insulating 
tube, as shown in Fig. 2, B. The short piece of 
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porcBlajin. which, lies across the radiating wall 
of the black body was covered with cobalt 
oxide. Since the cobalt oxide did not adhere 
well to the porcelain tube, the latter was 
first covered with a tlrin layer of iron oxide, 
obtained by wetting the porcelain tube with 
writing ink which was burned into the tube. 
The cobalt oxide paint was then applied and 
also burned upon the tube by moans of a 
blast lamp. After replacing the thermo- 


to refer frequently to the use, or misuse, of 
shields for preventing the receiver from being 
heated by the radiator, and of shutters for 
exposing the receiver to radiation. It is 
therefore important to consider briefly the 
functions of this apparatus. 

The determination of the coefficient of total 
radiation usually consists in noting tho heat 
interchange when tho receiver is exposed to 
two radiators which are at widely differing 
■ temperatures, say 0° C. and 100“ 
C., i.e. ice and boiling water. 
Tho radiator at tho lower tem- 
perature may be and usually is 
used as a shutter. If tho tem.- 
peraturo of the shutter is lower 
than that of tho receiver tho 
latter radiates to tho shutter. 
Hence it is important to have 
tho receiver face a large (say 
water-cooled) diaphragm, main- 
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couple, enclosed in this short tube within the 
radiator, the whole interior was again painted 
with a mixture of cobalt and chromium 
oxides. In order to be able to insert the 
thermocouple including the short tube, and 
also to paint the interior of the radiator, the 
first diaphragm (whiclf in tho commercial 
porcelain tube has an opening of only 1 cm.) 
was removed {Fig. 2, B), and after making all 
the adjustments another porcelain diaphragm 
was put in its place. 

The cobalt oxide has a high temperature co- 
efficient of absorption, so that it appears black 
on slight heating. Its emission spectrum (14) 
{loc. cil. p. 120) is continuous, so that there is 
less difficulty in producing a perfect radiator 
than when the radiating enclosure is of 
white porcelain (17, 18). However, porcelains 
having a low melting-point when heated 
above 1000° emit a far more continuous spec- 
trum than the “ Marquardt porcelain ” from 
which are made the black bodies ordinarily used. 

All these tubes, especially the painted ones, 
become elootrioally conducting when heated 
above 1300° C. Hence, at tho highest tem- 
peratures the radiator should be heated hy 
alternating current from a motor generator 
which is operated from a storage battery. 
By this moans there is no more diffioulty in 
maintaining a constant current than when 
heating the radiator directly by means of 
current from a storage battery. By means 
of a low-resistance rheostat at the observing 
table, tho current can bo regulated so that the 
temperature of tho radiator can be kept to a 
few hundredths of a degree. 

(ii.) Water-cooled Shutters and Diaphragms. 
— In discussing tho relative merits of the 
various determinations of the radiation con- 
stants, and in particular the coefficient of 
total radiation, the writer \vill have occasion 


tainod at a constant tempera- 
ture, at the back of which is placed the 
shutter and tho radiator. In this manner tho 
surrounding conditions, facing tho receiver, 
are not changed when the shutter is moved 
in order to expose the receiver to radiation. 

There is no doubt that some of the unusual 
results obtained in the determination of tho 
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radiation constants are owing to the fact 
that tho receiver did not face uniform, condi- 
tions when the shutter was opened and closed 
in making tho measurements. 

Experience shows that tho arrangement of 
tho shutter should bo similar to that illustrated 
in Fig. 3, which i>artioular design of apparatus 
was used by Coblontz in tho determination of 
tho coefficient of total radiation described on 
a subsequent page. 
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The water-cooled shield employed consisted 
of a tank A, 25 cm. in diameter and 1-5 cm. 
in thickness, the radiator, and a tank B which 
faced the radiometer. The water-cooled shutter 
S [Figs. 3 and 6), consisting of a thin metal 
box 3-5 by 3-5 by 0-8 cm., was operated in 
vertical ways between these two shields. A 
mercurial thermometer was inserted at Th. 
Its bulb was in the water flowing through 
this shutter and was used to measure the 
temperature T used in equation (1). A more 
detailed illustration of a similar shutter is 
given elsewhere (15), and some of the parts 
are shown in Fig. 3. The side of the shutter 
facing the radiometer was smoked in a 
sperm candle, and in connection with the 
conical-shaped opening (painted black and 
smoked) in the water-cooled diaphragm B 
it formed a miniature black body the tempera- 
ture of which remained constant throughout 
a series of measurements. The temperature 
of the shutter was easily kept constant to 
within 0-5° C. The opening in the diaphragm 
B, which must be accurately known, was 
defined by means of a series of small perforated 
discs of brass 8 mm. in diameter and 1-5 mm. 
in thickness, which were mounted in a recess 
provided for the purpose. These brass discs 
were provided with accurately cut, knife- 
edged holes which varied from 2 to 5-5 mm. 
in diameter. In this manner one could easily 
change the ^ze of the opening which admits 
radiation upon the receiver and thus study the 
effect upon the radiation constant. 

II. The CoBFEicrENT of Total Radiation 

It has been shown by Stefan (1), Schneebeli 
(10), Wilson (11), Lummer and Pringsheim (9), 
Valentiner (12), and others (20), that the total 
radiation emitted from a uniformly heated 
cavity is proportional to the fourth power ^ of 
the absolute temperature. The measurements 
extend over a temperature range of about 
1500° C. They verify the fourth power law 
within the accuracy of the temperature scale 
and the general errors of observation; these 
are small owing to the fact that the measure- 
ments are relative. 

The evaluation of the coefficient of thermal 
radiation in absolute measure is an extremely 
difficult task which has been attempted by 
numerous experimenters whose data will now 
be considered. 

The early determinations of the coefficient 
of emission of a substance [e.g. blackened 
plates, balls of glass or copper) by Lehnebach 
(19), Christiansen (21), and others are of great 
historical interest, but they cannot be con- 
sidered in connection with present-day deter- 
minations of the coefficient of total radiation 
of a uniformly heated enclosure. 

^ See “ Pyrometry, Total Hadiation,” Vol. I. 


§ (3) Bolometkic Methods of Electrio 
Compensation, (i.) Observations of Kurlbaum 
(22). — The first determination of the constant 
of total radiation in absolute value, by a 
method which is free from the gross experi- 
mental errors that are inherent in the work, 
was made by Kurlbaum. 

The principle of the method is as follows : 
Three branches of a Wheatstone bridge 
(bolometer) consist of thick manganin wires, 
which are not affected by a change in current 
through the bridge. The fourth branch 
consists of thin strips of platinum, the resist- 
ance of which is affected by a change in 
current in the bridge. 

Starting with the bridge balanced, the 
bolometer branch of thin platinum, at a 
distance of 18 to 20 cm., was exposed to the 
radiation from a black body at 100° C., and 
the change in resistance (or galvanometer 
deflection) was noted. With the bolometer 
branch shielded from radiation, the bridge 
current was varied until the change in resist- 
ance in the bolometer branch was equal to 
that attained when exposed to radiation. 
In other words, the bridge current was in- 
creased by a sufficient amount to produce 
the same .galvanometer deflection as was 
caused by radiation falling on the bolometer 
strip. From a knowledge of the change in 
the bridge current, the bolometer resistance, 
etc., Kurlbaum was able to compute the 
energy input. He used two very different 
surface bolometers and found very concordant 
values. He found a value of cr — 5-32. In a 
subsequent communication (23) ho made a 
correction of 2-5 per cent for loss by reflection 
from the platinum black surfaces of the 
bolometer. This gives a value of or = 545. 
Coblentz (24) determined the reflecting power 
of platinum black, and found that, using the 
blackest obtainable deposits, the reflecting 
power is almost 2 per cent for wave-lengths 
at 8 to 9 /X. An examination of six surface 
bolometers (12 branches or 24 surfaces of 
about 3 by 4 cm. area), purchased abroad, 
showed that all of them had microscopically 
small bright patches of bare platinum. These 
bright areas would increase the loss by reflec- 
tion. From this it appears that Kurlbaum’s 
correction to his work is none too large. 

(ii.) Observations of Valentiner (12). — The 
method of measuring the coefficient of total 
radiation by means of a large surface bolo- 
meter was continued by Valentiner, who found 
quite different values, depending upon the 
blackness (kind) of radiators employed, which 
were heated as high as 1450° C. For the two 
blackest radiators (the steam-heated radiator 
“ W.S.K.” and the electrically heated un- 
blackened porcelain tube radiator “ G.S.K.”) 
he found a value of <r=5-36. 

In a subsequent paper (25) he made a correc- 
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tion of about 4 per cent for various - causes 
{e.g. I per cent for lack of blackness of the 
radiator, 2-5 per cent for reflection from the 
bolometer, etc,) giving a value of cr= 5-58. 
No correction was made for atmospheric 
absorption. 

The numerical values of the various deter- 
minations made by Valentiner, upon any one 
radiator, vary by about 3 per cent, wMch is 
greater than the effect of atmospheric absorp- 
tion in a space of 30 to 50 cm. However, 
when using a larger porcelain tube radiator 
(12), “ G.S.K.,” the distances were longer 
than usual (being respectively 89 and 126 
cm.) and the effect of absorption seems 
unmistakable. The value of the radiation 
constant is about 2 per cent smaller for the 
greater distance, i.e. an increase of 36 cm. 
in optical path introduced an absorption of 
about 2 per cent. 

A conservative estimate of the correction 
to Valentiner’ s data for absorption by atmo- 
spheric water vapour and carbon dioxide is 
2 to 3 per cent. This increases Valentiner’ s 
value to (r = 5-68 with a possibility of the value 
being as high as cr = 5'75, which is in remarkably 
close agreement with the various detennina- 
tions made by other methods. That a correc- 
tion of not less than 1 per cent is to be applied 
to these data is indicated in Gerlach’s (33) 
recent work on atmospheric absorption of 
black body radiation. 

The surface bolometers used by Kurlbaum 
and by Valentiner consisted of two grids of 
thin platinum foil, placed one back of the 
other, with the edges overlapping. In this 
mamier a continuous surface is formed, but 
part of the rear bolometer strips are shielded 
from the radiation incident on the front 
strips. The operation of the receiver is 
unsymmetrical. Gorlach (28) has discussed 
the effect of this overlapping, and has shown 
that in some cases it might lower the value of 
the observed radiation constant by a very 
considerable amount. Coblentz (27) has found 
that using one bolometer strip back of the 
other, 60 per cent of the energy, incident 
upon the flrst receiver, is ro-radiatod to the 
rear one. In the reverse process, of heating 
the strip electrically, this effect would enter 
symmetrically and a low value would result. 

It was found by Kuribaum and by Valentiner that 
the rate of temperature riao was different when 
heating the bolometer by absorption of radiation 
and by electrical heating. Tlio low values of the 
radiation constant obtained by Valentiner are 
explained (28) in part as the result of reading the 
galvanometer deflection before temperature eq^uili- 
brium was fully attained. 

Callendar (30) has described surface bolo- 
meters which would overcome some of the 
defects of conduction, etc. However, using 
radiators at 600° to 1000° 0., there is no need to 
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ernijloy such largo receivers with the. unavoid- 
able defects just noted. 

(iii.) Observations of Qerlach (31). — The 
following method is not exactly holometric in 
principle, but it may he considered at this point 
since its virtues have been under discussion in 
connection with the results obtained by the 
holometric methods just mentioned. Gerlach 
determined the constant of total radiation, 
tr, by a modification of Angstrom’s electric 
compensation pyrheliometer.’- In the original 
pyrheliometor of Angstrom (32) the receivers 
are two thin narrow sheets of manganin to each 
of Avhioh is attached one junction of a thormo- 
oloment which is joined through a galvano- 
meter. One of these manganin strips is ex- 
posed to solar radiation. Through the other 
manganin strip is iiassed an electric current 
of such strength that it is heated to the same 
temperature as is the receiver which is exposed 
to solar I'adiation. The equality of temperature 
is indicated when there is no current flowing 
through the galvanometer. 

In the instrument as used by Gerlach (31) the 
receiver consists of hut one strip of manganin. 
At the hack of this manganin strip and close 
to it is a thermopile of 46 elements (joined 
through a galvanometer) which is heated by 
radiation from tho strip, thus differing from 
Angstrom’s device, in which a single therm o- 
junotion is heated by conduction from tho 
manganin strip. The object of using many 
thermo-junctions is to integrate tho radiation 
from tho whole stri]), thus eliminating any 
irregular heating caused by inequalities in tho 
thickness of tho receiver, which was blaokonod 
eleotrolytically with i)latinum black. Tho 
manganin strip is heated electrically to tho 
same temperature as that attained by the 
strip when exposed to tho radiation from a 
black body, which was heated by steam. 
From a knowledge of tho resistance of tlio 
strip and tho oleotri.c current tho energy input, 
and hence tho value of tho radiation constant, 
is determined. 

Gorlach experienced some difficulty in deter- 
mining when he had exact compensation when 
heating tho receiver eloctricaily and radio- 
metiioally. Covering tho sides of the receiver 
witli knife-edged slits had no effect upon tho 
radiation constant ; but shielding tho ends of 
tho manganin strip from radiation caused the 
value to inoreaso fromtrss 6-83 for theunshielded 
ends to a constant value of o-i=0T4, when tho 
shields covered 1'6 mm. or more of tho ends 
of tho strips. This is caused by heat conduc- 
tion from tho receiver to tho heavy copper 
electrodes. In practice he exposed the whole 
length of tho receiver to radiation, claiming 
that tho heat conducted from tho ends is tho 

^ for an account of this and some others of the 
Instnunents roforrod to see Vol. HI., “ Radiant Heat, 
Instruments for Mcasiiroraont of.” 
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same when the metal strip is heated radio- 
metrically and electrically. This appears to 
be the weak point in the device. In the 
instrument used by Coblentz (20, 29) this 
difficulty was eliminated by placing the 
potential terminals on the receiver, and at 
some distance from the heavy electrodes. 
This seems to be the logical way to use such 
a receiver. 

The work of Gerlach aroused considerable 
discussion among experimenters previously 
engaged on this same problem. This brought 
forth a very considerable amount of laborious 
experimental work by Gerlach (35), in which 
he showed that his apparatus gave the same 
values when operated by Kurlbaum’s (22) 


Fig. 4. 

bolometric method as when operated by his 
method. 

In subsequent investigations Gerlach deter- 
mined the effect of atmospheric absorption (33) 
and of blackening the receivers (36) upon the 
radiation constant. He operated the radiator 
at higher temperatures (to 460° C.), but the 
radiometric apparatus remained the same as 
in the earlier work. With this outfit his new 
value (37) of the coefficient of radiation, nn- 
oorreoted for reflection of radiation from the 
receiver and for atmospheric absorption, is 
decidedly lower than that which he had pre- 
viously obtained under similar conditions, 
being of the order a=5-6 to 5'7. Applying a 
correction of about 1-7 per cent for reflection 
of platinum black as observed by Coblentz (24) 
and depending upon the temperature of the 
radiator, a correction of 0-2 to 1-2 per cent for 
absorption of COj, the mean value of 62 inde- 
pendent sets of measurements is cr= 6-86. In 
a recent discussion of his data Gerlach (102) 
places his Yalw at (r=5-80. 


Gerlach’s determination is one of several, 
which should be a convincing demonstration 
that the extreme values of ir=5-3 to 6-5 are 
subject to correction, in so far as the correc- 
tions can be determined. 

(iv.) Observations of Coblentz (20, 29, 39). — 
This research was undertaken after a study of 
the instruments and methods used in the earlier 
determinations, and an effort was made to 
embody the good features and eliminate the 
defective ones previously employed. It is 
therefore proper to discuss the work in con- 
siderable detail. 

In designing the apparatus an attempt was 
made to embody black body conditions in the 
radiator. Fig. 1 (including the shutter. Fig. 3), 
and the receiver. 

The lack of blackness of the 
radiator has been discussed by Wien 
and Lummer (8), who give a method 
for computing the correction for the 
opening in the radiator, on the 
assumj)tion that the enclosure is 
spherical and diffusely reflecting. 
The amount of energy that can 
escape by diffuse reflection through 
the opening is determined practi- 
cally by the size of the opening as 
compared with the total area of 
the interior of the radiator. In the 
porcelain tube radiator used here 
the interior is uniformly heated over 
a length of 8 to 10 em. However, 
for the purpose of the present com- 
putation, a length of only 2-6 cm., 
which is defined by the first dia- 
phragm, is considered. The area 
of the enclosure is 37-6 cm.* and 
that of the opening is 3-1 cm.*. 
On the basis that the reflecting 
power of the interior of the painted radiator 
is 7 per cent (Zoc. cit. (20), p. 623, Table 3) 
the loss of energy by diffuse reflection 
tlnough the inner diaphragm is 0-63 per 
cent. Using an unpainted Marquardt por- 
celain radiator the coefficient of total radia- 
tion is decreased by about 1 per cent 
(foe. cit. (29) p. 571), showing that the 
question of lack of blaclmess of the radiator 
is important. 

For a reeeiver (40) it was decided to use 
a modified AngstrOm pyrheliometer (32) em- 
bod3nng novel features which had not yet 
been tried by others. In order to reduce the 
heat capacity of the manganin receiver Th, 
Fig. 4, and provide better insulation, the 
thermopile of bismuth and silver, having a 
continuous receiving surface, was placed a 
short distance back of the receiver as shown 
in E, Fig. 4, The apparatus used by Gerlach 
embodied this same idea. 

The crucial and novel part of the apparatus 
was a receiver R, Fig. 5, with potential ter- 



RADIATION 


647 


minals PP attached thereto, at a sufficient 
distance from the ends to avoid the question 
of heat conduction to the electrodes. These 
potential wires, which were from 0-003 to 
0-025 mm. in diameter, accurately defined the 
length of the central part of the receiver which 
was utilised in the measurements. By 
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exposing the whole length of the receiver to 
radiation, conduction losses from its end do 
not enter the problem. 

The effect of the presence of the potential 
terminals was determined (20) (by using a 
third terminal P') and found negligible, viz. 
0-3 per cent. The method of finding the 
difference of potential between two 
terminals attached to the receiver p 

seems more certain than to find the 
difference of potential between two ,@oi 
hea-yjr electrodes as used by Gor- 1 | ] 

lach(31). Si -llil 

The operation of this type of ui™ 
radiometer, with a hemispherical r* 
mirror placed in front of the receiver 
(20, 24, 38), may introduce errors 
when the receiver is heated by elec- 
trical means. Hence, after conferring 
with specialists in geometrical optics 
who were in agreement with the writer’s opinion 
that a reflecting enclosure is likely to introduce 
errors, the receiver was used without the hemi- 
spherical mirror. Subsequently this mirror 
was employed in a separate experiment to 
determine the diffuse reflection (24) from lamp- 
black and platinum black, and finally in deter- 
mining the loss by reflection from some of the 
receivers actually used in the observations. 
Hence, the loss of radiation incident upon the 
receivers was probably accounted for os 
accurately as it would have been by employing 
a “ blackening ” device in front of the receiver. 

In order to test the question of the accuracy 
of the corrections used for eliminating the 
loss by reflection, a series of observations was 
made on one receiver. In this test the slits 


in front of the receiver, and all other conditions 
remained unchanged. The only variation was 
in smoking the platinum black receiver with 
a sperm candle after making the first set of 
observations. The reflecting power of plati- 
num black is taken to be 1-7 per cent (39) and 
that of lamp-black 1-2 per cent. The respec- 
tive determinations, after correcting for energy 
lost by reflection, were cr= 6-822 and cr = 6-814. 
They differ by only about 0-1 per cent, which 
is very satisfactory, and shows that the reflec- 
tion factors were well determined. 

The assembled apparatus is shown in Fig, G, 
in which A and B are the water-cooled dia- 
phragms, S tlie shutter (see Fig. 3), F the 
radiometer, and D the telescoping diaphragmed 
tubes enclosing the optical path from which 
the moisture w'as removed by means of phos- 
phorus pontoxido F. Subsequent tests showed 
that in this outfit the effect of atmospheric 
absorption was loss than 0-1 per cent (20), 
which conclusion is substantiated by recent 
measurements made by Gerlaoh (33). 

The thermopile was connected with an un- 
usually well shielded iron -clad Thomson gal- 
vanometer of special design (38, 41), which 
served merely as a null instrument to indicate 
the rise in temperature of 
the receiver when oxijosod to ^ 

radiation and when heated F? |1 

elootrically. | f ,oKT T 

The method of observation '■! |i -y- I 

consisted in exposing the hi || l| II | i 
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receiver to radiation and noting the galvano- 
meter deflection ; then in heating the strip 
electrically to give, within 1 per cent, the 
same deflection. The measurements of the 
electric power put into the strip w'ore made 
with the same potentiometer used in measuring 
the temperature of the radiator. No difficulty 
was experienced in determining temperature 
equilibrium on heating the receiver by radia- 
tion and by electrical moans. 

The exact amount of energy necessary to 
cause the same deflection as that produced by 
absorbing radiant energy is obtained by multi- 
plying the observed energy input by the ratio 
of the galvanometer deflections. This gives 
the “ constant ” of each receiver. In order 
to reduce all the moasuroments to a common 
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basis, and at the same time obtain a value of 
the coefficient, or the so-called Stefan -Bolz- 
mann constant, of total radiation, the custom 
of previous experimenters was followed in 
reducing the data. For this purpose it is 
necessary to know the area A^ of the water- 
cooled diaphragm, the area Aj of the receiver 
which is exposed to the radiation emanating 
from Aj, the distance D between these two 
surfaces, the absolute temperature of the 
shutter, and the absolute temperature Tg 
of the radiator. The electrical energy input 
necessary to produce the same (galvanometer 
deflection) rise in temperature as was produced 
by exposing the receiver to the radiator is El, 
both of which quantities are measured with 
the potentiometer as already described. Under 
these conditions the energy consumed by the 
electrical stimulus may be equated to the 
energy emanating from the radiator, or 

. . (3) 

TT SJ2 


where <r is the coefficient of total radiation, 
E is the voltage, and I is the current. 

Usually the distance between the two surfaces 
Ai and A3 is so close that experimenters have had 
to apply a second term correction (42). In Ger- 
lach’s (31) work the correction applied was 


Dr ("-6 5 * , 


where the sides of the openings in the rectangular 
diaphragms were a, b, a^, b^. A shorter correction 
factor is 


AAA 1^6^ 

D2 4 ‘ 


. (5) 


which resulto from neglecting the eSect of the first 
diaphragm, which was very small in this work. In 
either case this second term correction is quite 
negligible in the present investigation, since it 
usually amounts to less than 2 parts in 1000. 

The radiator was operated at a temperature 
of 800° to 1100° C., within which range the 
temperature scale is quite well determined. 

To the data obtained with 10 receivers, a 
correction of 1-2 per cent, for losses by reflec- 
tion, was applied to measurements made with 
receivers covered with lamp-black (soot) and 
a correction of 1-7 per cent to measurements 
made with receivers covered with platinum 
black. The reflection from a receiver covered 
with platinum black, then smoked, is 1-2 
per cent. As just mentioned, these corrections 
were determined by direct measurements upon 
some of the receivers used in this investigation 
and by comparison of the surfaces of the other 
receivers with samples of lamp-black whose 
reflection losses had been determined in a 
previous investigation (24). 


The value obtained for the coefficient of 
total radiation, after applying the corrections 
just mentioned, is 

<r = (5-722±0-012) x 10”^^ watt cm."® deg."^. 

No correction was made for absorption by 
atmospheric carhon dioxide, which was found 
to be less than 0-1 per cent. According to 
Gerlach’s (33) measurements this might per- 
haps amount to 0-1 or 0-2 per cent, thus 
increasing the value to cr=5-73. 

The method of operation is unsymmetrical 
in that, when the receiver is exposed to radia- 
tion, the heating is produced in the lamp- 
black surface, while in passing an electric 
current through the strip the heat is generated 
within the receiver. However, from the data 
obtained with receivers differing 10 times in 
thickness, and covered with different kinds and 
thicknesses of absorbing material, it appears 
that the manner of heating the receiver has 
but little effect upon the final result. 

For any one receiver, operated under different 
conditions, the precision attained is usually much 
better than 1 per cent. For the different receivers 
the maximum range in the value of cr is of the order 
of 1-5 to 2 per cent. This seems to be independent 
of the length and width of tlio receiver, and of the 
kind of slits ijsed. The accuracy attained with this 
method of evaluating energy in absolute measure, as 
estimated by the departure of individual deter- 
minations from the mean value, appears to be of the 
order of I per cent. To this extent one can consider 
the present device a primary instrument for evaluat- 
ing radiant energy in absolute measure. 

(v ) Obaervatioiis of Kahanowicz (44), — The 
apparatus used by Kahanowicz is essentially 
a modification of the Angstrom pyrheliometer 
(32). 

The receiver was placed at the centre of a 
spherical mirror with an opening in one side 
to admit radiation. In this manner the cor- 
rection for reflection was eliminated. The 
shutter was close to the receiver. If its 
temperature was different from that of the 
water-cooled diaphragm, which was before the 
radiator, errors in the radiation measurements 
would occur. As mentioned elsewhere in this 
paper, the shutter should be placed between 
the water-cooled diaphragm and the radiator, 
to avoid a change in the surroundings facing 
the receiver when the shutter is raised for 
making the radiation measurements. 

The temperature range was from 260° to 
530° C. The distance from the radiator to 
the receiver was 36 to 66 cm. A series of 28 
measurements gave an average value of 
(r=5-61. Of this number 11 gave a value of 
<r=5-7. Out of a series of 4 measurements 
made in December 1916 (lower humidity), 
with the distance a- =56 cm., 3 gave a value 
of (r = 6-7. 
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A recent determination, using temperatures 
ranging from 256° to 1076° C., gave a value of 
v=5-61. 

No corrections were made for atmospheric 
absorption, which for the temperatures used 
is not negligible. In a previous paper {loc. 
cit. (20), p. 576) it was shown that on removing 
the moisture (vapour pressure of 10 to 12 mm.) 
from a column of air 52 cm. in length, the 
radiation constant was inoreased from <r=5-41 
to 5-55, or about 2-0 per cent. The vapour 
pressure at Naples is considerably higher than 
at Washington. From these (39), as well as 
Gerlach’s (33) data, it appears that the cor- 
rections for atmospheric absorption should be 
at least 1 per cent. For the temperatures 
at Avhich the radiator was operated, a con- 
servative estimate of the correction to the 
radiation data obtained by Kahanowioz is 1-6 
to 2 per cent, resulting in a value of <r==6’69 
to 5-72. In other words, the Naples value of 
the coefficient of total radiation is comparable 
with other recent determinations which indi- 
cate a value of (r=6-7. 

(vi.) Observations of Puccianti (43). — The 
method of operation is just the opposite of 
that' usually employed, and in view of tlio 
small radiant energy exchanges involved in 
comparison with the trairsfer of energy by 
heat conduction and by convection, this 
may perhaps bo the weak point in this 
method. 

Puccianti constructed a bolometer in the 
form of a black body, which is kept at room 
temperature. This black body is really the 
radiator. The other black body (which is 
really the receiver), instead of being at a 
higher temperature, as .usually is the case, is 
at the temperature of carbon dioxide, snow, or 
of liquid air. He measured the electrio power 
which had to be supplied to the first black 
body to keep the temperature constant in 
order to compensate for the energy lost by 
radiation to the second black body. Ho very 
mgeniously oonstracted two black- body bolo- 
meter branches exactly alike, the one to bo 
exposed to the cold receiver and the other to 
be protected from it. Each of these bolometer 
branches consisted of a vessel of 0-1 mm. sheet 
copper having the form of a cone and a 
frustum of a cone united at the bases as 
shown in and Bg, Fig. 7. The lengths 
were 12 cm. ; the maximum internal diameter 
was 4 cm. The internal surface was smoked, 
The external surface was polished, and upon 
it was wound two thin insulated wires. One 
of these wires, of iron, formed the bolometric 
branch, and the other wire, of manganin, was 
used as a heating resistance. The other two 
branches of the bolometer bridge were formed 
of resistance coils and the whole was con- 
nected with a galvanometer and storage 
battery as in any ordinary bolometer. The 


two sensitive black-body branches of tho 
bolometer were in an evacuated vessel 
which was kept in a tank of water. 

The receiver was a blackened glass bulb Nj 
immersed in liquid air, 
was allowed to radiate 
to this receiver. Tho 
constant K of the instru- 
ment was determined 
from the diameters of 
tho diaphragms and 
Dj. A correction was 
made for tho energy 
interchange between 
these two openings (42). 

Puccianti assumed 
that tho shutter and the 
bolometer branch B 2 
were at the temperature 
T of tho water bath. 

Tho resistanoo R of tho 
manganin heating coil 
surrounding tho bolo- 
meter branch B.j was 
determined. In the 
course of tho tost 
Puccianti measured the 
voltage E, which was 
necessary for compensa- 
tion to prevent tho 
bridge from being un- 
balanced when tho 
branch Bg was exposed 
to tho rocoivor Nji at tho temperature Tq. 
Ho obtained a value of (r = 5-90. 

Tho method is an ingenious variation from 
tho usual procedure. The apparatus should 
have boon constructed so that both bolometer 
branches could have boon used as radiators. 
From tho illustrations it appears that radiation 
■from one branch could fall upon tho other, 
which would introduce errors. Another un- 
certainty is tho temperature and tho manner 
of operation of tho shutter. Tests might have 
boon made to determine whether tho bolomptor 
remained balanced when a heating current 
was applied to both branches, without allow- 
ing one branch to radiate ■to the receiver. 
Furthermore, to repeat tho heroin oft-mon- 
tionod device, a heating coil should have been 
inserted temporarily within tho radiator to 
determine tho energy input as compared with 
tho energy input required in the outer hqating 
coils in order to maintain a balance. The 
device, as used, is unsymmetrioal in that the 
heating coil is not in tho proper place to 
operate most offioiontly. From this it appears 
that tho constant should bo smaller than that 
indicated by his measurements. 

§ (4) Tkisrmomkteto Mbthods ■witit 
“ Black ” Bisoeivkes. (i.) Observations of 
Firy (45). — In order to eliminate tho question 
of reflection from the surface F6ry (45) made 


and tho bolometer 
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a series of determinations of the radiant con- 
stant <r, by means of a thermo junction, formed 
into a long conical-shaped metal receiver which 
was blackened on the inside. On the outside of 
the cone, and insulated from it, was wound a 
heating coil of known resistance for calibrating 
the receiver. This was done by noting the 
temperature rise (galvanometer deflections) 
with the energy input, in watts. The receiver 
was then exposed to an electric furnace which 
was heated to various temperatures from 
500° to 1200° C., and the corresponding gal- 
vanometer deflections were observed. He 
obtained a value of (r=6-.30. 

(ii.) Observations of Firy and Drecq (46). — 
The work was undertaken anew by Fery and 
Drecq (46), the receiver being a cone of brass, 
having an aperture of 30°, placed within a 
large sphere of brass which was surmounted 
by a glass tube with a capillary 1 mm. in 
diameter. The large brass sphere was filled 
with alcohol, the whole forming a thermometer 
in which 1 mm. rise in height of the column 
in the capillary indicated a rise in temperature 
of 0-005°. Surrounding the outside of the brass 
case was a coil of wire through which an 
electric current was passed and the energy 
input noted which caused the same tempera- 
ture as that produced by exposing the opening 
of the cone to the radiator. They found a 
mean value of or =6-51, which is the highest 
value yet obtained. The relative values ob- 
tained with the instrument show a fair con- 
stancy over the whole temperature range, 
which extended to the melting-point of gold. 
However, the same is true of Valentiner’s 
values determined by the bolometric method. 
It indicates that there is some constant factor 
which is not eliminated and which causes a 
high or low value. 

Various suggestions have been made as to 
the cause of their excessively large values. It 
appears that part of the difficulty lies in the 
unsymmetrical way in which the instrument 
is operated. It is calibrated by a heating coil 
which is in connection with the alcohol (or 
air, in the first case) and can warm the latter 
by conduction and by absorption of radiant 
energy. On the other hand, the incoming 
radiation must be transformed by absorption 
in the cone and then reaches the alcohol 
principally by conduction. As a result of this 
t3p)e of cahbration, the apparent value of the 
radiation constant is higher than the true 
value. The weak point lies in not having the 
heating coil within the receiver, which should 
be so constructed that but little, if any, of the 
entering radiation, or the energy radiated 
from the heating coil, can escape through the 
opening in the receiver. This might, easily 
have been done by forming the receiver into 
a double -coned receiver, such as was used by 
Puccianti. However, even with all these pre- 


cautions, this type of receiver does not appear 
satisfactory. 

Another determination of this constant was 
made by Fery and Drecq (47) in which the 
radiations from an electric furnace fell upon 
a strip of platinum (area 36 by 55 mm. and 
0-03 mm. in thickness), blackened electro- 
lytically with platinum black. The radiation 
measurements were made by sighting upon 
the front and the rear surfaces of the platinum 
strip by means of a Fery pyrometer, the angle 
of incidence being 48°. Their new value of 
the radiation constant was o-=6-2. The 
measurements upon the posterior surface 
resulted in a value of tr=5-57, which is said 
to correspond with the measurements on the 
anterior surface made with plane receivers. 
If we correct the latter value by (the round 
number) 2 per cent for reflection (24), we 
obtain the value a- =5-68, which is of the same 
magnitude as observed by the writer. This 
new determination of cr by Fdry and Drecq 
appears to have been made defective by their 
reduction of the original observations ; for 
example, they claim that the coefficient of 
absorption of the receiver was only 0-82 to 
0-84, which seems impossible from numerous 
and diverse experiments on the diffuse re- 
flecting power of platinum black made by 
others. Attention has been called to this fact 
by Bauer (48), who placed their value of cr 
between 5-1 and 5-8, and, by making a correc- 
tion of 2 per cent for reflection, deduced a 
value of (r=5-68. 

In all of the foregoing methods tho data are meagre 
as to elimination of the various errors which may 
occur. For example, a source of error may arise in 
determining the power put into the platinum strip 
used in tho last method. Another important source 
of error lies in the manner of operation of the water- 
cooled shutter, which should bo placed between the 
water-cooled diaphragm and the radiator. 

(iii.) Observations of Bauer and Moulin (49). — 
In order to obviate the difficulties encountered 
by F6ry and Drecq (47) in calibrating their 
conical-shaped receivers, Bauer and Moulin 
calibrated their receiver (which was a F6ry 
pyrometer) by sighting it upon a strip of 
platinum, heated to different temperatures by 
an electric current. In order to determine the 
amount of radiant energy falling upon the 
receiver it was necessary to eliminate the 
losses from the strip by conduction and con- 
vection. For this purpose the platinum strip 
was heated in air and in a vacuum, the power 
consumed being determined for a definite 
length of platinum, defined by potential 
terminals welded to the strip. Having cali- 
brated the pyrometer by noting the galvano- 
meter deflections for the various amounts of 
energy (in watts) put into the platinum strip, 
they sighted the pyrometer upon a black body 
heated to various temperatures and noted the 
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galvanometer deflections. Their first an- 
nounced value was (r = 6'0. However, as in 
numerous other cases herein cited, errors were 
introduced in the final reduction of their data. 
They had observed the radiation emitted from 
the platinum strip at an angle of 13° from the 
normal and applied a correction (50) of about 
12 per cent, Avhich reduced their value to 
(r=5-3. This correction is recognised to be 
much too large (48), so that their value of the 
radiation constant lies between or =5-3 and 6-0. 
They made no correction for atmospheric 
absorption, which would increase their value 
from (r=5-3 to cr= 6-(i or 5-1. In an earlier 
communication on the solar constant, Bauer 
and Moulin {loc. cit. (50), p. 1658), using an 
Angstrom pyrheliomotor, found the value 
(r=5-7. 

(iv.) Observations of Puccianti (61). — ^In a 
continuation of his investigations, Puccianti 
gives a determination in absolute measure of 
the radiation of a black 
body in which tho 
temperature change is 
measured by means of 
a toluene thermometer, 
the bulb of which is 
formed into a hollow 
cone that is allowed 
to radiate to a black- 
body receiver, which is 
at the temperature of 
liquid air. The measure- 
ment is made by com- 
pensating the heat lost 
by the thermometer 
by the application of an electric current. 

The apparatus not being dilTcrontial in con- 
struction, the tomporaturo of the water bath had to 
be kept rigorously constant in order to have tho 
meniscus of tho thermometer move slowly and 
regularly. Tho response of tlio apparatus was, of 
course, slow and sluggisli, whioli is a common 
property of this type of receiver (radiator), so that 
it required from four to eight minutes to obtain a 
measurement. 

The same criticisms apply to this instrument 
that have been mentioned in tho cruder form 
of thermometer used by 'F6ry and Drocq (46). 
The energy for compensation is supplied by a 
heating coil which is in contact with the liquid 
(a good scheme in so far as it applies to 
Ixeating the liquid) and on tho side of tho wall 
of the receiver opposite to that upon which tho 
incoming radiations impinge. The arrange- 
ment is therefore unsymmotrical. The heat 
of compensation should have been supplied 
by a coil inserted within the receiver, provision 
being made that little or none could escape 
by reflection and by direot radiation through 
the opening. In this manner the condition of 
symmetrical heat interchanges would have 


been tho most closely fulfilled. In the instru- 
ment as used the opportunity fur csoaim of 
energy seems greater, so that in compensation 
there is a tendency to inoduce a value which 
is higher than the true value for radiation 
unaccompanied by conduction. By placing 
the heating coil within tho receiver and using 
a high temperature radiator, Puccianti’s device 
should be applied in the manner recently used 
by Keene (52). 

Puccianti considered tho precision of this 
method as high as that of tho bolomotric 
apparatus, but the sensitivity of tho thermo - 
metric apparatus was very much inferior 
to that of tho bolometer. Nevertheless, he 
seems to prefer tho thormomotric method in 
spite of its small sensitivity. Ho assigned a 
value of 6'00<(r<C-3, and his intermediate 
value is (r==6-15. 

(v.) Observations of Keene (62). — Tho most 
recent determination of tho constant a- is by 
Keene. Tho radiator 
consisted of an electric 
furnace which could 
bo heated to 1000° C. 
Tho receiver consisted 
of a hollow spherical 
double-walled ther- 
mometer bulb provided 
with a small aperture 
in its side to admit 
tho radiation to bo 
measured, as shown in 
Fig. 8. Tho space 
between tho walls is 
filled with aniline, 

■ which served as thormomotric substauoo, 
its oximnsion being observed in a capillary 
tube in the usual way, 1 mm. division 
= 0-0006° C. 

In order to olirainato tho olloot of tho 
variation of room tomj)oraturo, two such 
thormoraotors wore used diflorentially, radia- 
tion being admitted into one of them, tho 
differential offeot giving a measure of the 
energy supplied. The interior of the bulb 
receiving tho radiation was provided with 
an electric boating coil for tho i)urpo 80 
of calibration. His paper contains the 
derivation of an exact expression for the 
energy interchange between two radiating 
coaxial circular openings ; for ho found that 
tho approximate formula which is ordinarily 
used when tho distance between the oj>on- 
jngs is largo was not accurate enough for 
tho work. 

His value of tho radiation constant is 
(r=3 6 - 89 . 

The receiver and the radiator being close 
together, and the time for attaining tempera- 
ture equilibrium being rather long, there is a 
possibility of diffusion of hot gases into tlie 
receiver when the shutter is raised for obsorva- 
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tions. This would tend to give a high value. 
It would have been interesting to determine 
if it would have required less electric power 
in the heating coil, provided the opening in 
the receiver had been closed with a reflecting 
cover to prevent escape of heated gases, while 
calibrating the device. 

§ (5) Indirect and Substitution Methods. 
(i.) Observations of Shakespear (53). — His value 
of the constant or is obtained by a method 
which is based upon the principle that a 
heated body in air, in surroundings at a lower 
temperature, loses heat (») by conduction, 
(b) by convection, and (c) by radiation. If 
the rate of loss by a body be observed in two 
cases, the only diflerence being that the 
emissivity of the radiating surface varies, 
other conditions remaining the same, it is 
quite correct to assume that the losses (a) and 
(b) will be the same and that the difference 
between the observed rate of loss of energy 
in the two cases is due only to the difference 
in the losses by radiation. If, now, these 
two different surfaces, at the temperature of 
boiling water, be exposed in turn to a radio- 
micrometer at room temperature, we obtain 
the ratio of the rates of the energy radiated 
by the two surfaces. 

In the experiments, a plate of metal with 
a silvered surface was heated electrically to 
100° C. and close to it was another plate, 
blackened with soot, which was cooled with 
water. Between the plates was air at atmo- 
Bjiheric pressure. Shakespear measured the 
energy input in order to maintain the plate 
at 100° when (1) the surface of the plate was 
highly polished, and (2) when it was blackened. 
He measured also the ratio of the emissivities 
of the plate under these two conditions, using 
a radiomicrometer for the purpose. From 
this he obtained a value <r' in absolute units. 
He then compared the emissivity of the lamp- 
black surface at 100° with that of a black 
body at the same temperature by means of a 
radiomicrometer. From this latter compari- 
son combined with the value of cr' he found a 
value of <7-= 5-67. 

From this description it may be noticed 
that the essential parts of the method differ 
from that of Westphal (55) in that the radiator 
was a flat metal plate used in air instead of a 
vacuum, and that the black body, with which 
the emissivity of the plate had to be measured, 
was separate from it ; while in Westphal’ s 
instrument the black body was self-contained 
within the metal (in the form of a cylinder) 
of which the emissivity of the surface had to 
be measured. 

(ii. Observations of Todd (54). — ^In his ex- 
periments on the thermal conductivity of gases, 
Todd used a thin layer of air enclosed between 
two horizontal, parallel, good - conducting 
plates, which were maintained at different 


temperatures. The colder plate, of course, 
receives heat by radiation and by conduction 
through the air from, the hotter plate, which 
is above it. Communication from the sur- 
rounding air is shut off by an insulating ring, 
and the two plates being close together, in 
comparison with their linear dimensions, the 
convection currents are eliminated. He de- 
termined the energy lost by radiation by 
varying the distance x between the two plates 
and noting the corresponding variation in the 
quantity Q of heat passing from the upper to 
Che lower plate. These values of x and Q 
when plotted from a rectangular hyperbola 
and the horizontal asymptote give the value 
E, of the radiation. The energy input was 
determined by a calorimetric method. In 
order to determine the constant cr he had 
simply to find the ratio of emissivities of the 
blackened plate to that of a black body at the 
same temperature, for which puqiose a radio- 
micrometer was employed. The value of this 
ratio and the constants obtained in the main 
j)art of his experiment enabled him to compute 
the radiation constant, which he found to be 
<r = 5-4S. 

This, like the preceding method, is likely to 
give a low value of the coefficient of radiation 
owing to imeertainty of the exact temperature 
of the radiating surface of lamp-black. A 
thin layer of soot is fairly efficient in its 
emission and absorj)tion. But a thick layer 
of soot is quite non-conducting of heat, as was 
found in the measurements of diffuse reflec- 
tion (34). 

(ui.) Observations by Westphal (56). — An im- 
portant determination of the coefficient of total 
radiation was made by Westphal (55). The 
experiment consisted in comparing the emis- 
sivity of a cylindrical block of copper, when it 
was highly poUshed and when it was blackened, 
with the emissivity of a black body at the 
same temperature. The novelty involved in 
the method is in having the black body con- 
tained \vithin the cylinder as shown in Fig. 9. 
The copper cylinder was heated electrically, 
and to reduce the energy losses by gaseous 
heat conduction this copper cylinder was sus- 
pended in a glass flask from which the air 
could be exhausted to 1 mm. pressure. The 
outer surface of the cyhnder was either highly 
polished to give it a low emissivity Ej or 
painted with lamp-black to give it a high 
emissivity E^. The end surfaces remained 
unchanged. The heat losses by conduction 
and convection were therefore the same 
throughout the experiment, and the difference 
in energy input, when the surface of the 
cylinder had a high emissivity and when it 
had a low emissivity, was a measure of the 
energy lost by radiation. 

Tf the temperature of the glass flask is kept 
constant Tq, and the blackened cylinder is heated 
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eJeotrically to tlio (absolute) temperature T, then 
the energy uiput W which is required in ordcj 
to maintain a stationary temperature is 

Wi = OcrEi(T^-V)+/(T,To). . . (6) 

In this equation, O is the surlace of the cylinder and 
(T.Tq) is an unknown function which represents the 


B 

riG. 9. 

caiergy lost by conduction through tlio air and load 
wires, and by radiation from the ends of the 
cylinder. 

If now the surface of the cylinder is polished and 
thus given the cmissivity Ej, and if the cylinder is 
heated to the temperature T, while other conditions 
remain unohangod, the energy lost from the oyliiidor 
is 

W2==0<rE2(T'-T„“).l-/(T,To) . . (7) 

and the constant sought is 

. 

0(Ei-E2)(T‘-To‘‘)* * ' ^ ’ 

Using the surface of the oylinclrical body 
when highly polished, Wcstplial proceeded 
to find the curve of watt-input Wg of the 
body between the temperatures 360° and 426° 
absolute as a function of the temperature. 
Then the surface of the body was brought to 
a high omissivity by applying in succession 
different blackening materials, and the energy 
Wi input was measured at diflierent tem- 
peratures. 

The emissivities of the surface and of the 
interior of the copper cylinder were compared 
by moans of a thermopile.- The numerous 
details need not be discussed. Suffice it to 
say that the work appears to have been 
thoroughly done, and from the nature of the 
method it seems free from gross systematic 
errors. His mean value is cr = 6'54. 

He modified the apparatus and extended 
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the observation over a wider range of tempera- 
ture with a view to increasing the aecurac^y. 
The new value (60) agrees well with the earlier 
determination, being a = 6-r)7. Although 
nothing further seems to have been published 
subsequently, Westphal obtained further 
measurements which yielded the value cr = 
6-07 (68). This is in excellent agreement with 
Shakespeax’s results (53) showing that tho 
coefficient of radiation as determined by 
reliable methods is of tho order a = 5-7. 

As already noted in discussing Todd’s data, 
it is uncertain whether in all cases tho surface 
of a layer of black soot has tho temperature 
of tho metal i)late upon which it is deposited. 
Gerlaoh (30) performed experiments which led 
him to question whether Westjfiial’s results 
were not sliglitly low owing to tho use of 
lamp-black. 

This and tho preceding measurements of the 
coefficient of total radiation are excellent 
variations from tho direct method. They 
aro likely to give slightly low values, just 
as tho thormometrio methods, just do- 
scribod, give higli values. Hence, those two 
methods serve tho purpose of establishing 
upper and lower limits of the radiation 
constant. 

(iv.) Deductions of Lewis and Adams (67). — 
In concluding the survey of what the writer 
considers tho most reliable experimental 
determinations of the cooffioient of total 
radiation, it is of interest to include in this 
paper a theoretical comi)utation by Lewis and 
Adams (67) based upon data on tho olomcntary 
electric charge e, tho gas constant R, and tho 
•Faraday equivalent IL Their calculations 
load to a value of <r~5-7. 

Tho foregoing data are assembled in Table I., 
which gives also conservative corrections for 
atmospheric absorption, which is an important 
factor that in many cases was ncglootod by 
oxporimontors. .By apjjlying this obviously 
necessary correction it is interesting to find 
that those data, which wore obtained by 
different methods, and which appear so dis- 
cordant on first perusal of tho original papers, 
can 1)0 brought into excellent agreement. 
They range about tho number cr~5-7. In 
fact, two-thirds of the total number (12) of 
determinations recorded in Table I. are close 
tp cr=s6-7. The mean value of all these data 
whioli are free from question is (r=6-72 
to 6-73. 

If we neglected Todd’s low value, deter- 
mined from gas conduction experiments, and 
Puooianti’s value, which is no doubt too high, 
the mean value remains unohangod. As wo 
shall see presently, experimental evidence on 
ionisation potential, X - rays, and photo- 
electric work show that the value of tho 
coefficient of total radiation is of tho order 
<r=6-7. 
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Table I 


■Observed Value and the Most Probable Value oe the Constant of Total Radiation 
AFTER CORRECTINQ FOR REFLECTION, ATMOSPHERIC ABSORPTION, ETC. 


Observer. 

Date. 

o-xlO® 

erg. 

Probable Value of 
a-xl0=. 

Method. 

Kurlbaum 

1898 

6-45 


? 

Bolometer 

Eery . ‘ . 

1909 

6-3 


? 

Thermometer 

Bauer and Moulin . 

f 1909 
\1910 

6-30 

6-7 


6-7 

5-7 

Thermopile 

Pyrheliometer 

Todd 

1909 

6-48 


5-48 

Gas conduction experiments 

Valentiner 

1910 

5-58 


6-69 to 6-76 

Bolometer 


( 1911 

6-51 


9 

Thermometer 

P4ry and Drecq 

1 1912 

6-2 

6-67 

} 

6-68 

Calibrated pyrometer 

Shakespear 

1912 

5-67 

6-67 

Ratio of emissivities, metal ^blaok 






body 

Gerlaoh .... 

/1916 

tl920 

5-86 

5-80 


6-80 ) 

Modified Angstrom pyrheliometer 

Puccianti .... 

/ 1912 

5- 86 

6- 15 


6-96 

? 

Bolometer 

Thermometer 

Westphal . , . 

1910 

5-67 


6-67 

Ratio of emissivities, metal ; black 






body 

Keene .... 

1913 

6-89 


6-89 

Thermometer 

Coblentz .... 

1915 

5-72 


5-72 

Modified Angstrom pyrheliometer 

Kahanowicz 

1919 

6-61 


5-C9-6-73 

Modified Angstrom pyrheliometer 


Mean value, tr = 5-72-5'73 X 10'“ erg cm.'” sec."* deg."*. 


III. The Constant of Sfeoteal Radiation 

In order to appreciate fully the significance 
of the constant of spectral radiation, it is of 
interest to consider briefly the instruments 
and methods of observation. 

§ (6) The Spbotroradiometbr. — The de- 
termination of the constant, C^, of spectral 
radiation requires very sensitive radiometric 
apparatus for measuring the intensities of 


by means of a fluorite or quartz prism p 
{Fig. 10). • 

The radiometer for measuring the spectral 
intensities is shovrn at D, which in this case 
is a vacuum bolometer. The thermocouple 
for measuring the temperature of the furnace 
A is shown at Th. A sensitive ironclad 
Thomson galvanometer is used in connection 
with the spectrobolometer or thermopile. 

The prism is calibrated by computing the 



the emission in different parts of the spectrurn. 
In order to eliminate absorption, and especially 
the lack of achromatism which exists in 
lenses, the spectrometer is provided with 
mirrors as illustrated in Fig. 10, which shows 
the general arrangement of the apparatus 
required for such investigations. The radia- 
tions emanating from the black body A 
are focussed upon the spectrometer slit b 
by means of silvered mirrors placed in an 
air-tight box B. The spectrum is produced 


minimum deviation settings, using for this 
purpose the refractive indices of fluorite (67) 
or quartz and the angle of the prism. As a 
fiducial mark or “ zero ” of the spectrometer 
circle the yellow helium line (15) is a conveni- 
ent standard reference line. 

By means of apparatus of this type the 
distribution of energy is measured in different 
parts of the spectrum. Two types of measure- 
ments may be made, viz. “ Isochromatics ” 
and “ Isothermals.” 
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In making isocJiromatic measurements the 
spectrometer is set on a given wave-length, 
and the intensities are measured as the 
temperature of the radiator is varied. 

In making isothermal measurements the 
temperature of the furnace is kept constant 
and the thermal radiation intensities are 
measured in different parts of the spectrum. 
This gives the prismatic spectral energy dis- 
tribution’^ illustrated by the dotted curve (Fig. 
11). On reducing these prismatic measure- 
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ments to the standard normal spectrum (15) 
one obtains an energy distribution as illustrated 
in the continuous curve (Fig. 11). With rise 
in temperature the maximum of the emission 
curve shifts towards the short wave-lengths. 
This fact enters into spectral radiation for- 
mulas to be discussed presently. 

One of the difficulties encountered is the 
absorption by atmospheric water vapour and 
carbon dioxide, which produce depressions 
in the spectral energy curves as indicated in 
Fig. 11. However, by enclosing the spectro- 
meter, by absorbing the moisture with 
phosphorus pentoxide, and by making the 
observations when the humidity is low, one 
can obtain trustworthy measurements over 
a wide region of the spectrum. 

§ (7) Formulas poe. reducing Spectral 
Radiation Data. — ^Planck’s equation (2) 
is no doubt the closest representation yet 
formulated of the observed energy distribution 
in the spectrum of a black body. In Fig. 11 
the circles represent the spectral energy 
distribution computed (66) by means of the 
Planck formula. In the spectral region, free 
from atmospheric absorption, to Q fi, the 
observed and the computed curves agree to 
within the errors of observation, viz. 0-5 to 
1 per cent. 

Rubens and Kurlbaum (68) have made 
isochromatic observations, using the residual 
rays of fluorite in the spectral region of 24 jj, 
and 52 fi. Their data also are in exact agree- 
ment with those computed by the Planck 
equation. From all of these data it appears 
that the Planck equation may be considered 

’ Sec also “ Uadiation Theory,” Fig . 1. 


as representing, within the errors of observa- 
tion, the energy distribution of a black body 
in the spectrum extending from 0-5 jj. to 50 /x. 

The Planck formula is based on theoretical 
considerations, and after almost two decades 
of discussion it remains unchanged. Recently, 
it is true, Nemst and Wulf (69) have arbitrarily 
modified the coefficient in the equation, 
changing Cj to 0^(1 a), where a is a variable. 

Their whole procedure is based upon the 
assumption that the numerical value of the 
constant is C 2 = 14300 micron degrees, as 
observed from isochromatic observations, and 
that since the older values of Cg, obtained 
from isothermals, are somewhat higher, they 
must be reduced by a factor ( 1 - a) depending 
upon the temperament of the radiator. They 
point out explicitly that the whole procedure 
depends upon the truth or falsity of the value 
of C 2 = 14300 ; or rather, as will be seen 
presently (see Table II.), upon the truth or 
falsity of the older values of 02 = 14400 
(about) obtained from isothermal measure- 
ments. Their deductions lead to a value of 
(r=6-04, which, from a consideration of the 
whole subject on a subsequent page, appears 
to be much higher than the true value. Until 
we have more reliable experimental data from 
isothermal measurements, it does not appear 
necessary to consider their modification of 
Planck’s equation. 

(i.) The Spectral Radiation Formulas — 
Isochromatic . — After having made the spec- 
tral energy measurements, as indicated in the 
preceding pages, the next step is to compute 
the constant Co from the Planck formula 
(equation (2)). In view of the fact that some 
of the outstanding differences arise from 
methods of computing the constants from 
the experimental data it is important to con- 
sider the various reduction formulas which may 
be used in the computation. 

For computing the constant Co from an 
isochromatic energy curve at any wave- 
length, X, Planck’s equation is used in the 
following form (16) : 

(l ogEa-log EJXTiTa 
loge(T2-Ti) 

(e-0s/^T2-e-02MTi)XTiTa 

Tj-Ti ’ 

where and Ej refer to the emissivities 
corresponding to the absolute temperatures 
Ti and Tg respectively. In this equation 
the terms log (1 - e- CaATj)^ etc., which are 
similar to the terms in equation (13), are 
expanded in series, and only the first term of 
the expansion (e-Ca/ATi log e) is used. An 
approximate value of C 2 = 14300 is used in 
applying the second term correction. For 
wave-lengths up to 1 /.t this correction term 
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(to the Wien equation) is small, being only 2-1 
and 4-3 for temperature intervals of (Tg - Tj) 
363° and 623° respectively, when using 
Ti = 1450. However, these corrections in- 
crease very rapidly -with wave-length beyond 
1 /X, so that at 2 ^ with the same temperature 
intervals (Ti = 1450; T.,=1813 and 2073°) 

the corrections to the values of Cg amount to 
168 and 227 respectively. This explains the 
rise in the value of with wave-length as 
found by Lummer and Pringsheim (61), 
who did not use the second term correction. 
Energy curves which coincide closely with the 
Wien equation give uniform values of C 2 
with increase in wave-length when computed 
by using only the first term in equation as 
was found by Paschen. In their preliminary 
results Warburg (70) and his assistants, using 
a quartz prism, found that the value of Cg, 
obtained from isoohromatics, is independent 
of the wave-length. On the other hand, they 
found an increase in C 2 with wave-length 
when using fluorite prisms. 

(ii.) Isotherrnal . — Using an isothermal spec- 
tral energy curve, the constant of spectral 
radiation, Cj (equation (2)), may be derived from 
the value of the wave-length of maximum 
emission, X„j, by means of the equation 

C2=aX,„T, . . (10) 

in which the value of a is 4-9651. The equa- 
tion makes use of the Wien displacement law, 
which is the mathematical expression for the 
shifting of the wave-length of the maximum 
emission toward the shorter wave-lengths, with 
rise in temperature, viz. 

X,„T=A (a constant). (11) 

The value of the constant is close to A =2885 
micron degrees. 

Experimenters are therefore concerned with 
the proper method of computing the position 
of the wave-length of maximum emission 
from the isothermal spectral energy curve, 
such as illustrated in Fig. 11. 

In case one cannot observe the complete 
energy curve, as, for example, when using a 
quartz prism which absorbs strongly beyond 
2-2 ju., it is possible to compute the value of 
X„j from Planck’s equation by reducing the 
observed energy curve to the normal spectrum, 
and talcing from the energy curve the values 
of Ej at Xi and E^j. The proper equation is 

(e-t-9fi5i-l) 

V X 7 (e^'SSSUmA _ 1)' • ^ ’ 

This equation, which has been used extensively 
by Warburg (80) and his collaborators, appears 
to be well adapted for reducing the observa- 
tions obtained with a quartz prism ; but the 
temperatures must be sufficiently high so 


that the E,„ does not fall in the region beyond 
2-2 where, as already mentioned, quartz 
begins to absorb strongly. This equation is 
not well adapted for reducing measurements 
made with a fluorite prism, owing to the 
small dispersion of the prism and hence the 
steepness of the energy curve on the short 
wave-length side, where one would want to 
use it, and also owing to the fact that, at the 
temperatures usually employed, the maximum 
emission E„, falls in the region of atmospheric 
absorption bands or in the region of T6 /x, 
where the dispersion curve of fluorite has a 
point of inflection. The latter point makes 
it quite difficult to determine accurately the 
factors for reducing the observations from the 
prismatic to the normal spectrum. 

Another method of determining the values 
of from an isothermal spectral energy 
curve is by the “ method of equal ordinates.” 
For this purpose the normal spectral energy 
curve is dravm on accurately ruled co-ordinate 
paper, as illustrated in Fig. H. Then, as 
indicated by the arrows, at two points where 
the intensities (the galvanometer deflections) 
are equal, E, = E„ the corresponding wave- 
lengths Xi and Xg are read from the curve. 
The value of X„i is easily derived (15) from 
equation (2) by equating Ea,i = Ea 2 , and for 
the complete solution it is 

_6(logX2-logXi)XiX2 

a'(X2-X2)loge 

XiX 2 [log (1 - e“ _ log (1 - e“ Cj/AoTjj 

^(V^A^log'e • 

(13) 

The second term in this equation can 
usually be abbreviated, since terms involving 
Xi are usually negligible. For values of Xj 
which are less than 4 /x the term log (1 - e “ 
may be expanded into a series and (by dropping 
all terms but the first) may be used in the 
form log e. In this equation a' — 

4-9651. It may be noted that an approximate 
value of Cj is necessary in order to obtain 
a solution for the second term factors in 
equation (13). This may be obtained by 
solving for X,„ by using only the first term 
in equation (13), which is the solution of the 
Wien equation as used by Paschen (59). 
It is sufficiently accurate (15) to use 02 = 14300 
in making this computation. A decrease of 
100 units in Cj (say Cg = 14200) decreases the 
mean value of by 0-0012 fi. 

The method of equal ordinates has been 
extensively used by Paschen (59) and by 
Coblentz (15, 66). It has several commend- 
able features, because it is possible to utilise 
values of X^ and Xj which correspond with 
values of E^^ and E\ 2 , which are closely the 
same in magnitude as originally observed. 
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and honce contain the same errors of observa- 
tion ; also the slit widths are closely the same. 
This method does not require the most accurate 
wave-lengths and refractive indices (at least 
not for values of Xa greater than 4-5 p.), and it 
permits the selection of parts of the spectral 
energy curves which are free from atmospheric 
absorption bands. At a temperature of 
1000° C. and at Xm = 4-6 ^ to G ^ an error of 
X2 = 0-05 fi changes X„i by 0'007 jx to 0-008 p. 
This amounts to 0-7 per cent in the value of 
Ca, and is much greater than would occur in 
practice. 

The method of equal ordinates necessitates 
reducing the prismatic spectral energy 
measurements to a normal spectrum, plotting 
the data upon co-ordinate paper, and drawing 
in a smooth curve from which the values of 
\ and X3 are read, corresponding with the 
equal ordinates EAi = EAa- Although it re- 
quires but little additional time to plot the 
data, after having made the observations, 
if one is certain that the observations lie close 
to the curve, the obviously logical procedure 
is to compute the spectral radiation constants 
from any two observed points Eai and Eas* 
This, however, does not shorten the observa- 
tional work, for it will be necessary to make 
observations at three adjacent spectrometer 
settings (separated by the width of the radio- 
meter receiver) in order to determine the 
spectral purity factor which is required in 
order to reduce the data to a normal spectrum. 
After spending months in obtaining the data, 
the question of saving time in their reduction 
is of minor importance. Furthermore, it is 
desirable to draw the complete curve and 
preserve it for future reference. If the 
observations do not lie close to the smooth 
curve, then this method is slightly arbitrary 
as to the manner of combining the observations 
so as to obtain an integration of the whole 
curve without making more computations 
than would be used in the “ method of equal 
ordinates.” 

The appropriate formula for computing 
the radiation constants from any two observed 
points, Eai and Ea 2, on an isothermal spectral 
energy curve is easily deduced from Planck’s 
equation, and in its complete form, as shown 
by Dellinger (71), is 

p 


!H!a An /\ 6 "" "HI 

[log j.^*+ 61 ogji-log (?- — ^ )]-(n) 


The term log (I expanded 
into a series, and usually all the factors can be 
neglected, except one which is log e . e“ 

It is therefore necessary to know the approxi- 
mate yalne of Cg, as is required in the method 
of computation used by Coblentz (16, 66). 


In concluding this discussion we may 
notice a calculation of the constant Cj by an 
extension of the theory of least squares, by 
Roeser (72). Using the data illustrated in 
Fig. 11, his calculation gave a value of C2 = 
14342, as compared with 02 = 14339 computed 
by Coblentz (66) (Zoc. cit. p. 402), by the 
method of equal ordinates. 

(iii.) 8j)ectro'pliotometnc. — A spectrophoto- 
raetrio method may also be used in deter- 
mining the constant C^. It consists in 
determining the ratio of brightness of a 
black body at, say, the melting-point of 
gold (1063° C.) and at some higher tempera- 
ture, say the molting - point of palladium 
(about 1.660° C.). This requires a knowledge 
of the wave-length (\ = 0-06 p is usually taken) 
of the light iihotometcred and the absolute 
temperatures T, and T^ of the radiator. ^J’ho 
appropriate formula is 

log^“ = C2loge(^^-^J. . (16) 

Tho intensities and Ea are usually 
measured with an optical pyrometer. If tho 
constant Cg is known tho temperature Tg 
(say 2000° C.) may bo computed. Conversely, 
using known temperatures and Tg the 
constant may bo determined. As a matter 
of fact the method has never been used very 
successfully in a quantitative manner because, 
as will bo notiood presently, tho liighor 
temperature Tg, at some fixed tomyicraturo 
point (say tho melting-point of palladium), is 
not accurately known. Recent experimenters 
are therefore proceeding in tho reverse ordoi-, 
and assume that if the constant Cg = 14300, 
then tho melting-point of palladium is 1667° C., 
or if 0a = 14360, then tlio melting-point of 
palladium is 1666° C. Tho task before us is 
therefore to obtain an estimate of the probable 
value of tho constant Cg. 

§ (8 ) Dmtkrminations ott Constant otp 
SPBCTRA n Radtation. — I n spite of all that has 
been published on tho partition of energy in 
tho spectrum of a black body there are hut 
few experimental data at hand which are more 
than qualitative in value. 

To the writer it scorns that all thoso early 
data should he considered from the standpoint 
of histox’ical interest, since it seems impossible 
to give them much weight in connection with 
the results obtainable at the present day. 

(i.) Observations of Paschen, (69, 60).— -The 
pioneering work in spectral radiation measure- 
ments and constants was inaugurated by Pas- 
ohen (69), who observed an extensive series of 
spectral energy curves at temperatures ranging 
from 100° to 450° C., using six different kinds 
of bolometers ooverod with different kinds 
of absorbing material, e,.g. lamp black and 
platinum black or copper oxide ; also having 
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the bolometers in the focus of a hemispherical 
mirror. The radiators were heated by means 
of boiling water, anihne, sulphur, etc. The 
mean value of all his observations, which are 
in close agreement, was A =2891 and € 2 = 
14352. He continued the work at tempera- 
tures ranging from 400° to 1050° C., using a 
large porcelain radiator. He used also metal 
cups of copper or platinum, blackened with 
oxides of copper or iron, which were heated 
within this porcelain radiator ; making in all 
about a dozen different arrangements of the 
radiators. The bolometer was covered with 
platinum black and was situated in the focus 
of a hemispherical mirror to “ blacken ” it. 
The mean of the new series was A =2907, with 
a probable error of + 16. 

In a further investigation Paschen (60) under- 
took the work anew, after redetermining the 
reflecting power of silver and the refractive 
indices of fluorite. He used a porcelain tube 
radiator, also three other radiators, which he 
blackened as in the preceding research. He 
took the wise precaution to project an image 
of the radiating wall bf the black body upon 
the spectrometer sht (see Fig. 10), in order to 
avoid possible radiations from the side walls 
and diaphragms falling upon the prism and 
bolometer. He made complete corrections 
for the selective reflection from the prism. 
He then found that his observations fitted 
neither the Wien nor the Planck equation, 
the values on the long wave-length side of the 
energy curves falling between the two theoreti- 
cal curves. He found that if (for reasons he 
himself could not explain, loc. cit. p. 295) he 
multiplied his observations by factors var 3 dng 
from T02 at 3'91 fi to 1-195 at 8-25 fi, etc., the 
observed energy curve would fit the Planck 
equation and fulfil better the condition of 
congruence. Upon this basis, and presum- 
ably by computing the by using* the first 
part of equation (13), he obtained a value of 
A = 2921 for his newest data. He then 
applied similar factors to some of his previous 
data, thus making them agree better with 
the Planck equation, and the value of A was 
increased from 2891 to 2915, or about 0'87 per 
cent. Prom this it appears that, if he had not 
multiplied his observations by these arbitrary 
factors, his latest results would have been about 
0-87 per cent lower or A =2894, which is 
practically the same as the value previously 
obtained. 

Coblentz (16, 66) obtained a plausible 
estimate of the correction to Paschen’s values 
by applying the values of the second term 
which result from computing X„i by equation 
(13). This is admissible, because Paschen’s 
observed curves are said to fit the Planck 
equation to about 4 fx. The conclusion arrived 
at {loc. cit. (66), p. 468) is that Paschen’s 
recent determination is of the order A = 2894. 


This is close to the earher determination A= 
2891, which is probably more reliable as regards 
the temperature scale. In other words, 
Paschen’s original data fall within the range 
of the recent and more accurately determined 
values, being of the order 02 = 14360 micron 
degrees. 

(ii.) Observations of Lummer and Pringsheim 
(61, 63, 74). — Their spectral radiation measure- 
ments were made on porcelain tube radiators, 
illustrated in Fig. 1. The radiator was placed 
directly in front of the spectrometer slit. This 
reduces the length of air - path, and hence 
the absorption ; but there is uncertainty in 
keeping the alignment, especially since in their 
designs no attempt was made to prevent the 
tube from sagging. 

As is true of all the older measurements on 
radiation, operated above 1200° C., the tem- 
perature scale is defective (too high), giving 
values of Cj which are too high. 

The values of the constants published by 
Lummer and Pringsheim (61) require a treat- 
ment similar to that Just given to Paschen’s 
data. They used the earlier indices of re- 
fraction of fluorite, published by Paschen (73) 
in 1894, which are in error in wave-length by 
0-02 pL for the region of 1 ^ to 2-5 /x. Fortunately 
most of their values of are greater than 
2-5 jx and no correction is required. But little 
information is at hand as to how they calcu- 
lated their values of X„. In their earlier 
work (61) they say that, after bridging over 
the absorption bands by means of a smooth 
fine, the values of X,,^ and may be road 
directly from the spectral energy curve. Tills 
would permit the determination of only one 
reading of X„, whereas the method of equal 
ordinates permits the calculation of a number 
of values of X,„. 

In their first investigation a series of four 
spectral energy curves, observed at tempera- 
tures of 837° to 1416° abs., gave a value of 
A = 2879. 

For a second series of measurements they 
enclosed the spectrometer in order to dry the 
air. A series of five spectral energy curves, 
observed between the temperatures of 814° 
and 1426° abs., gave a value of A = 2876. 
These two values are in close agreement with 
Paschen’s determinations made at that time. 
Since they observed the value of X„j at 
instead of by the method of equal ordinates, 
the second term correction of equation (13) 
does not enter into the calculation. They 
found that their data did not fit the Wien 
equation, and this no doubt gave impetus 
to the formulation of the Planck equation. 
Suffice it to say that their data, obtained up 
to this time, if reduced on the basis of the 
Planck factor a=4'9651, lead to a value of 
0^= 14290. In a subsequent investigation (63) 
the radiator was heated to a much higher 
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temperature — to 1046° abs. A series of 8 j 
isothermal spectral energy curves gave a value | 
of A = 2940 and 0^ = 14590. In view of the 
fact that a correction of about 0-02 ft, must be j 
made for the calibration at 1 /a to 2-5 jj., this 
would reduce the value of and of Cg by 2 per 
cent, or Ca = 14300. Although the apparatus 
was enclosed, in order to remove the CO.g and 
water vapour, the energy curves are appreci- 
ably affected by atmospheric absorption. 

As in previous work, their temperature scale 
above 1000° C. was obtained by extrapolation. 
Just how much the thermocouple calibration 
may be in error is not recorded. In a subse- 
quent paper (75) they revised the temperature 
scale used in the previous tost (9) of the 
Stefan-l^oltzmann 4th-power law. The re- 
vised temperatures are 10 to 12° lower, and, 
at the highest temperatures, they are 20 to 
25° lower than previously used. Hence the 
value of A (see equation (11)) would be lowered. 
Whether any temperature correction of this 
magnitude must be made to the spectral 
radiation data is not stated ; though the 
researches on the gas thermometer by Holbom 
and Day (76) were then in progress. Suflice 
it to say that although their later value of 
4=2940 is the one frequently quoted in 
books, none of the subsequent investigators 
have found a value of A which is within 16 
per cent as high as is this one. 

From the foregoing consideration of the 
data obtained by Lummor and Pringshoim 
it appears conservative to place their value at 
02 = 14300 micron degrees. 

(hi.) Observations of Warburg and Collabora- 
tors (80 to 90). — During the past twenty years 
the determination of the constants of radiation 
and their application to the temperature scale 
has been relentlessly pursued by the Phys. 
Tech. Reiohsanstalt (75) at Berlin. 

During the past ten years these investiga- 
tions have been carried out by Warburg and his 
collaborators. They used fluorite and quartz 
prisms and vacuum radiators. The sodium line 
was used as a zero sotting of the spectrometer. 

The radio motor was a vacuum bolometer, 
operated by a null method. In this manner 
the galvanometer acted merely as atr indicator. 
The temperature fixed points were the melting- 
point of gold and some higher temperature, 
e.g. melting-point of palladium. 

In their first communioation (80, 81) they 
reported a value of Ca = 14670 on the basis 
that the melting-point of palladium is 1649° C, 
On the other hand, if the higher temperature 
point was determined radiomotrically, by 
extrapolation from the gold point, using the 
Stefan-Boltzmann law, then the value of O 2 
was found to be the smaller. Hence they 
questioned the gas thermometer temperature 
scale and proceeded to make their investiga- 
tions at high temperatures by using the 


radiation laws to establish their scale of tem- 
peratures. In this manner they avoided the 
temperature scale as transferred from the gas 
thermometer by moans of thermocouples. 
They retained only one temperature fixed 
point, viz. gold at 1004° C. (later 1063°). The 
higher tomiioratures (1400° C.) wore determined 
radiometrically. For this purpose they ob- 
served the position, E„j, of the isothermal 
spectral energy curve reducing the data by 
means of formulas (12) and (10). 

Using Paschen’s refractive indices of refrac- 
tion of fluorite and Carvallo’s (93) indices of 
quartz, in their next communication (82) they 
report values which varied from C, = 14200 to 
14600. 

Using improved methods for adjusting tho 
sodunn linos on the bolometer, and making 
f urtlior provision so that only radiation emanat- 
ing from tho central diaphragm of tlio radiator 
was incident iqion tho bohunotor, in their next 
report (83) tho fluorite i)riam gave values 
ranging from 02 = 14300 to 14600, and it was 
discarded. A quartz prism gave a value of 
02=14360 micron degrees. 

In a very complete investigatioir (8-4, 86) 
they repeated tho previous work. Using a 
quartz prism tho values obtained are ©2 = 
14370 ±40 and A = 2894 ±8 for the tempera- 
ture interval of 1337° and 2238° abs. 

Their next stop was to out a prism out of a 
block of quartz of which the absorptivity had 
boon determined previously. With this and 
other improvements, inchiding different radia- 
tors, a value of 02 = 14250 was obtained (87, 
88), from the temperature scale based on tho 
Stefan-Boltzmann law of total radiation ; and 
a value of da = 14300 nr 14400 was obtained by 
using tho Wien displaoeinont law [e.g. 11) to 
establish tho temperature. Tho nncei’tainty 
in tho value of da= 14300 or 14400 is owing 
to the uncertainty in their calibration curve 
(rofraobivo indices) of tho quartz prism. 

Tho present position of their work has led 
them to tho adoiJtion (89) of tlio value of 
02 = 14300 and tho melting-point of palladium 
= 1567° 0. Subsequent investigations (90) 
appear to bo made on this basis. 

There is an uncertainty of perhaps 1° in tho 
temperature scale at the melting-point of 
palladium (92), In view of tlio great variations 
in tho various determinations of Cg, it was 
perhaps a wise dooision for Warburg to adopt 
the round number 02 = 14300 micron degrees 
for tho spectral radiation constant ; though, 
ns wo shall see presently, theoiy and other 
experimental data would place the value 
somewhat higher. 

(iv.) Observations of Coblentz (15, 39, 66). — In 
this investigation tho spectrum was produced 
by moans of a mirror spectrometer and a 
fluorite prism, as illustrated in Fig. 10. In tho 
first work an air bolometer, and later a vacuum 
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bolometer, was used for measuring tbe parti- 
tion of energy in the spectrum. The radiator 
{Fig. 1) was a porcelain tube, wound with 
platinum ribbon, through which electric 
current was passed. 

It was operated at temperatures ranging from 
460° C. to 1500° C. Various moidental questions, 
such as the adjustments of the optical parts of the 
apparatus, the temperature uniformity and tempera- 
ture control of radiator, the water-cooled shutters, 
the temperature scale, the method of reduction of 
the observations to the normal spectrum, the proper 
formulae for computing the numerical constants, etc., 
were investigated. 

The first paper (15) contains also data on various 
subsidiary problems such as (1) the variation of the 
reflecting power of silver with angle of incidence 
and with wave-length, (2) the variation of reflecting 
power of fluorite with angle of incidence and with 
wave-length (refractive index), and (3) data for 
reducing the observations from prismatic to normal 
spectrum. 

As already explained in the discussion of 
the methods of reducing the observations, it 
was decided to observe isothermal spectral 
energy curves as illustrated in Fig. 11, and 
compute the position of by the method of 
equal ordinates, using equation (13). 

From the very beginning of this investiga- 
tion on black body radiation it was found 
that the Wien equation did not fit the spectral 
energy curves. The assumption was therefore 
tentatively made that the observed curves fit 
the Planck equation ; and at the completion 
of the investigation this was found to be true ' 
for about 75 per cent of all the observed curves. 
This conclusion was based upon the uniformity 
of the values of X,„ which resulted from com- 
putation (by the method of equal ordinates 
E\i=:Ea 2 ) of values of and which were 
taken far apart, and also close together, on the 
observed isothermal spectral energy curve. 

The observations were made in the winter 
when the humidity was low, and the investiga- 
tion extended over four winter seasons. An 
attempt was made to obtain a great many 
isothermal spectral energy curves, so as to 
avoid the personal bias which can enter the 
working over of a few curves. This was prob- 
ably a mistake ; for no attempt could be made 
to correct the observations for small changes 
in temperature and bolometer sensitivity. 

In the meantime, owing to impairment of 
eyesight, the reduction of data had to be 
entrusted to others who were not familiar with 
the work. The first calculation of the data 
gave a value of about Cg = 14350. But doubts 
arose concerning the calibration curve of the 
prism. A new calibration curve was worked 
out and the data recalculated and published 
as being 02=14456. 

Data were obtained also with a fluorite prism which 
was full of cleavage planes. This produced much 


sc.atterod radiation which distorted the energy 
curves at 4 to 5 ,a. These data were therefore not 
used in the calculations. 

In the meantime Paschen (67) published 
further data on the dispersion of fiuorite 
which indicated that the calibration curve, 
and hence the value of 02=14456, was 
wrong. 

In the earlier work the temperature scale 
was also in doubt. The last series (1912) was 
not observed at temperatures much above 
1200° 0., and hence is quite free from doubts 
about the temperature scale, which was 1° 
lower than previously used. 

The second paper (66) on this subject dealt 
with a recalculation of these data, u,sing a 
revised calibration curve. The mean value 
of the spectral radiation constant based on 
93 spectral energy curves (series of 1912) is 
02 = 14353 . 

If the corrections to the temperature scale 
(mentioned in the previous paper (15)) are 
applied, the value is 02=14362. A further 
correction ( = -f 7) is necessary because the 
second term in equation (13) was computed, 
using C 2 = 14300 instead of 02 = 14360. Hence 
the final corrected value, as published in the 
second paper, is 0a = 14369 micron degrees 
and A = 2894 micron degrees. 

In order to obtain a check on the method of 
calculation of the constant a least square 
reduction of the first isothermal curve of the 
series of 1912 was undertaken by Roeser (72). 
He obtained a value of 02 = 14342, which is in 
agreement with the value computed by the 
method of equal ordinates, viz. 02 = 14339. 

Recently a further examination (39) was 
made of the accuracy of the factors used in 
converting the previously observed (15) pris- 
matic spectral energy data into the normal 
energy distribution. The graphical methods 
previously employed were checked and similar 
factors were obtained by computation, using 
the first differential of the dispersion formula, 
which best represents the observed refractive 
indices of fluorite. These refractive indices 
were obtained from consideration of all the 
available data, which, in the region of 1 /x to 
2 fx, are represented by the curve published by 
Langley and Abbot (94). The best dispersion 
formula is that of Paschen (97). However, 
owing to incompleteness of the formula, the 
graphical method was found to be just as 
accurate as was the method of computation. 

The conclusion (39) arrived at was that the 
spectral radiation constant Ca= 14353 micron 
degrees, determined some years ago (66), 
remains unchanged. However, at that date 
there was some doubt as to whether some of 
the corrections then applied should have been 
made, giving a value Of 02=14369 — i.e. the 
value might be Cg = 14366. 

Rather curiously and unfortunately in all 
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these inquiries into the small errors that 
eight years ago were considered negligible the 
one concerning the zero setting has remained 
unconsidered until now. The calculation of 
the calibration curve was based on the sodium 
lines, X = 0-5893 fx, for a reference point. Sub- 
sequently Coblentz adopted the then novel 
procedure of using the yellow helium line, 
X= 0-5876 fx, instead of the sodium lines for 
adjusting the zero setting of the bolo- 
meter. For this purpose the refractive index 
% = 1-43390 was adopted. Subsequently Pas-' 
ohen (67) published the value of » = 1-433907 
(17-5° C.) for the refractive index of the helium 
line, and n =1-433866 for the sodium lines. Ho 
observed a difference of 12" in the minimum 
deviation settings of the sodium and the helium 
lines. 

On tlie basis of Paschen’s value of the 
refractive index of fluorite for the yellow 
helium line, n =1-433877 (at 20° 0.), there is 
a difference of 6" between the computed and 
the observed zero setting of the spectrometer 
circle. As a result, tlio average values 
of Xto, in terms of the spectrometer circle, 
must be reduced by 6". Since the wave- 
lengths X,„ occur between 2 /x and 3 /x 
(and the majority at about 2-2 /x), the 6" are 
equivalent to 0-003 ju to 0-004 jx in this 
part of the spectrum. From equation (11) it 
may bo noticed that this amounts to a 
reduction of the previously published value 
of the constant 02=14369 by 0-3 to 0-4 per 
cent. This gives a value of 02=14311 to 
14326 micron degrees. 

As already stated, the second paper (66) was 
the result primarily of a revision of tlie cali- 
bration curve of the fluorite prism used ; and 
it is unfortunate that at that time the above 
application of the temperature coefficient of 
the refractive index of the helium lino was 
overlooked. 

The citations of the foregoing researches 
suffice to show some of the difficulties under 
which experimenters are labouring. One sot 
is concerned with the temperature scale ; 
another is determining the optical constants 
of the prism material ; and a third group, using 
both the temperature scale and the optical 
constants, is engaged on the radiation con- 
stants. In turn, the first set of experimenters 
must apply the results of those working on 
the radiation constant in order to verify and 
extrapolate the temperature scale. In the 
meantime the second experimenter improves 
his measurements of the optical constants 
(refractive indices) of the prism material, while 
a fourth enters the field and adds refinements 
by determining the temperature coeflioient of 
the refractive indices. Then the unpleasant 
task arises to recalculate the prism calibration 
and the numerical value of the spectral radia- 
tion constants. Added to these difficulties is 


the constant change in personnel, as is apparent 
from perusal of the title-pages of the published 
papers. 

Fortunately the observations arc in terms 
of the spectrometer circle scale, and, if 
the necessity arises, as it did in the case 
just discussed, one can revise the corre- 
sponding wave-lengths and recalculate the 
constants. 

The various determinations of the constant 
of spectral radiatiem Cg are assembled m 
Table II. The sixth cohimn gives the probable 
value as determined from consideration of 
the data in the text. I’he mean value is 
02=14320 micron degrees. The latest and 
most reliable determinations of the national 
laboratories are close to this value. Unfor- 
tunately, perhaps, the average value is so 
close to the theoretical value, arrived at from 
consideration of photo-electrical and similarly 
related phenomena, that experimenters may 
be led to consider their task finished instead 
of just begun. 

§ (9) Optical Pyeometee Measueements. 
— Various attempts have been made to deter- 
mine the constant Ca by means of an optical 
pyrometer, using equation (15). There are 
many difficulties to be overcome before one 
can conclude that the data so obtained are 
trustworthy. One of the uncertainties is the 
effective wave-length of the red glass used 
in the eyepiece of the pyrometer. Other 
difficulties are encountered when using a 
sj)ectral pyrometer. Also the temperature 
scale is in doubt. Hence recent experi- 
menters have not attempted to detormino Ca, 
but reverse the process and, working on 
the aa8um])tion that O 2 is a certain value, 
say Ca =14350, determine the melting-point 
of palladium. This seems to bo the preferable 
procedure. 

(i.) Observations of llolhorn and Valeniiner 
(64, 65). — In 1900 Holbom and Valentiner 
(64) obtained a value of Ca =14200 as a result 
of a series of spootrophotomotric measurements 
using formula (10). This is now admittedly 
in error, owing to an erroneous temperature 
scale in which the melting-point of palladium 
was taken to bo 1575° instead of about 1550°, 
which would give a higher value of Cj. Re- 
cently Valentiner (05) corrected this value 
for lack of blackness of the radiator, etc., 
raising it to Cg “14350. This is one of the 
difficulties and uncertainties experienced by 
experimenters who have attempted to deter- 
mine the constant Ca by methods requiring a 
temperature scale which is higher than about 
1200° C. 

(ii.) Observations of Mendenhall (78). — One of 
the few recent direct determinations of C 2 by 
optical pyrometer methods was made by 
Mendenhall (78). In establishing a tempera- 
ture scale ho took the Day and Sosman value 
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of the melting-point of palladium, viz. 1549° C. 
From the ratio of brightness of the black body 
at the melting - point of gold and palladium 
he obtained the value of C 2 =14413, as a check 
on his measurements. Correcting for the low 
temperature scale, which amounts to 3-6 to 
5° G. on tfie basis that the melting-point of 
Pd is 1555° to 1557°, the value of Cg is 
decreased by 0-23 per cent to 0-31 per cent or 
O 2 =14368 to 14380. 

It is difficult to obtain high accuracy in 
optical pyrometer measurements on a radiator 


to be open to question. Just why the tem- 
perature was . not similarly determined 
radiometrically is not clear. The temperature 
Tj =1604° abs. (1331° C.) seems to be in doubt 
in view of the present - day belief that the 
melting - point of palladium is 1555° C. to 
1557° C. 

If the melting-point of Pd is 6° to 8° higher 
than the value used in this determination, 
then the value of Cg is 0-22 to 0-3 per cent 
higher than his published value (C, =14392) 
and is of the order of Cg =14425 to Cj =14435. 


Table II 


Observed Value and the Probable Value of the Constant Ce of Spectral Radiation 
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Coblcntz. 

1913 
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14456 


Pluorite prism 


1910 

2894 


14309 


Revised calibration (refractive in- 







dices) of prism: 1912 data are 
recalculated 


1920 


. , 

14311 to 

14318 

Correction for zero setting of 

1 




14326 


bolometer 


Average value, 02 = 14320 micron degrees. 


at the melting-point of gold. In the main 
part of his research Mendenhall therefore 
established his lower fixed point Tj, as that 
having 14-91 times the intensity of radiation 
of a black body at the melting-point of gold, 
for the complex wave-lengths transmitted by 
a certain standard pyrometer glass. 

Subsequently, by direct comparison with 
Day Sosman’s standard thermocouple, 
which was calibrated presumably on the 
basis that the melting - point of palladium 
is 1549° C., this temperature was found 
to be 1331° C. 

The higher fixed point Tg =2705° abs. was 
determined radiometrically on the basis of the 
Stefan-Boltzmann law, and does not appear 


(iii.) Observations of Hoffman and Meissner 
(79, 90). — These experimenters used an especi- 
ally constructed black body in a bath of the 
molten metal. The ratio of the brightness 
of the black body at the melting-point of pal- 
ladium is determined relative to the brightness 
of the same at the melting-point of gold. They 
found that if the melting-point of palladium 
is taken 1549° 0. (scale of Day and Sosman), 
then 02=14440(79). In a further investiga- 
tion (89) they found that if Cg is 14300, and if 
the melting-point of gold is 1063°, then the 
melting-point of palladium is 1557° C. This 
is in agreement with the observations of Holst 
and Oosterhuis (91), who found a value of 
02=14465 if the melting-point of Pd is 
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1549°, and 02=14300 if the melting-point 
is 1557° 0. 

(iv.) Observations of Hyde and Forsythe (92). 
— In. their earlier experimeiits they found a 
value of Cj =14460 on the basis that palladium 
melts at 1549° C. The great inconsistencies in 
these and other data led them to use the value 
C2 = 14350, which is commonly used by Ameri- 
can experimenters. 

Using a carefully constructed spectral pyro- 
meter, and on the basis that the value of 
02 = 14350, their most recent measurements 
place the melting - point of palladium at 
1555-5° C. 

The outstanding question then is : What is 
the value of G2 ? Is it C2 = 14300 or 14350 ? 
If we accept 1556° 0. as the melting-point of 
palladium, then Hoffmann and Meissner’s data 
indicate a value of 02 = 14315. 

Both sets of experimenters {i.e. those in- 
terested in the radiation constants and those 
interested in the temperature scale) seem to 
realise the difficulty in attemi)ting to define 
the value of the constant Cg or the melting- 
point of palladium in terms of this constant. 
Hence as a compromise basis for future work 
and for future adjustments it seems appropriate 
to adopt the value of the spectral radiation 
constant 02 = 14320 and the melting-point of 
palladium at 1556° 0. 

IV. Veeifioatiokt op the Laws op Radiation 

In the foregoing pages an inquiry is made 
into the instruments and methods used in, 
and the numerical values of various deter- 
minations of, the constants of radiation. 

The various methods are classified, and a 
brief description is given of each research. 
An attempt is made to indicate the good and 
the defective features in each research. This 
represents not only the writer’s opinions but 
also those of other experimenters. 

It is shown that the major part of the 
variation in the varioug determinations of the 
numerical values of the constants, especially 
the constant of total radiation, is owing to the 
fact that, in the original papers, no corrections 
wore made for atmospheric absorption of 
radiation in its passage from the radiator 
to the receiver. Conservative corrections for 
atmospheric absorption are made to the various 
determinations in which such corrections had 
not been made. As a result, instead of having 
wide variations, there is a remarkably close 
agreement in the numerical values of the 
various determinations which are free from 
other obvious defects. Although it cannot be 
said that the true numerical values are exactly 
as here recorded, it is evident that the time is 
past when the value of the constants of radia- 
tion are swayed by a single and perhaps 
novel method of research. The best that an 


experimenter should expect is that his own 
little contribution to the subject may have 
sufficient merit to go into the melting pot with 
the other determinations. 

§ (10) The Formula and the Coeppioient 
OP Total Radiation. — In the foregoing re- 
view the data are assembled and tlie evidence 
weighed pro and con. It is shown from various 
experiments that, beyond all reasonable doubt, 
the total radiation emitted from a uniformly 
heated enclosure is proportional to the 4th 
power of the absolute temperature — the so- 
called Stefan-Boltzmann laiv. Furthermore, 
the tabulated data sh(.)W that the numerical 
values of the majority of the various deter- 
minations of the coefficient, cr, which enters 
into the mathematical formula of total radia- 
tion, range about the value given by the oxiiros- 
sion a — 5-7 x 10"'’ erg cm.-^ .soc.“^ dog.“<i. The 
average of 12 of the most reliable determinations 
is (r=6-72 to 5-73 x 10"® erg cm. -2 aec."^ 

§ (11) The Formula and the Constant op 
Spectral Radiation. — Experimental evidence 
is cited showing that throughout the spectrum 
from 0-5 /i to 50 Planck’s formula fits the 
observed spectral energy distribution more 
closely than any other equation yet proposed. 
This formula is based upon theoretical prin- 
ciples, and after two decades of discussion it 
remains unchanged. 

The constant Cg which determines the slope 
of the spectral energy curve has been the 
subject of numerous investigations. The 
numerical value of Cj has lluctuatod consider- 
ably in the various determinations. In the 
foregoing pages it is shoum that this is owing 
to experimental difficulties, such as, for ex- 
ample, lack of proeiso knowledge of the tom- 
poraturo scale, and of the refractive indices of 
tho prisms used. The tabulated data show 
that the various determinations of tho constant 
of spectral radiation are of tho order of 
0a = 14300 to 14350, with a moan value of 
02 = 14320 micron degrees. 

§ (12) CONPIRMATORV EVIDENCE, — Ono of 
tho most interesting phases of tho inquiry into 
the laws and constants of radiation is the 
confirmatory data which ono obtains from a 
consideration of the inter-related phenomena 
of atomic structure, of X-rays, of ionisation 
and resonance potential, and of photo-oloctrioal 
action. From these data, as well as from the 
foregoing data on tho two constants of radia- 
tion, Cj and cr, ono can compute tho value of 
Planck’s element of action, h. This gives 
seven independent methods of determining the 
universal constant h. Or from anj/ ono of 
four of those methods one can calculate (99, 
100, 101) the radiation constants ; and it 
seems truly remarkable how close the calcu- 
lated values agree with the observed values of 
the radiation constants. 

For making those calculations from Planck’s 
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radiation’- theory (2) we have the following 
relations : 


C2=c^.yi:-^ =4-9651 X,„T, 

. (16) 

ac 1277 X l-0823fe® 

- (17) 

4 ”” ’ 

XT— 

4-9651fc’ ‘ ■ 

. (18) 

, eR 

. . . 

. (19) 


while the value of Cj^ is Sx/ic. 

In these equations the constants have the 
following values ; 

h (Planck’s constant) =G’55xlO"®’ erg see. 
h (Boltzmann gas cons.) = 1'372 x lO"’-® erg deg."’-, 
c (Velocity of light) =2-9986 x 10’® cm. sec."’. 
F (Faraday’s constant) =96500 coulombs. 

R (Absolute gas constant) =831 -5 erg deg."’, 
e (Unit electric charge) =4'774:X 10"^® e.s.u. 

From equation (19) it may be noted that a 
change in the value of e affects the value of 
Ca directly, while the value of cr is affected 
by e^. 

The data computed from the above-men- 
tioned constants and formulae are illustrated 
in Fig. 12, from which it is an easy matter 
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Pig. 12. 

to compare experimental data (101). For ex- 
ample, Coblentz’s (29) value of the coefficient 
of total radiation is 0 - = (5-72 + 0-012) x 10"® erg 
cm."® sec."’ deg."®. This indicates a value of 
02 = 14321 micron degrees (which is close to 
the average determination) and a value of 
h= 6-551 X 10"®’ erg sec. The value of h, deter- 
mined by Blake and Duane (98), by X-rays, 
is h = 6-555 X 10"®’ erg sec.; or an indicated 
value of Ca = 14330 micron degrees, which is 
close to the average of the direct experimental 
determinations of tliis constant. 

Again, starting with Warburg’s value of 
Ca= 14300 the corresponding value of the co- 
efficient of total radiation is (r=5-74, which is 
the higher estimated limit of the average of 
12 different determinations of this constant. 
Hermig (99), on the basis of Sommerfeld’s (102) 
theory, the measurement of spectral lines, and 
’ See “Radiation Theory,” § (6). 


the value of the electron, obtains €., = 14320 
and 0 -= 5-717. 

In summing up the evidence it is of interest 
to include Dirge’s (100) comprehensive and 
exact calculations of the constant h. In these 
calculations he, of course, assumes the truth 
of (1) Lewis and Adams’ (57) theory of ultimate 
rational units ; (2) ^of the relation between 
a and h, as given by Planck’s radiation formula; 
(3) of the quantum relation as applied to 
X-ray data (98) ; (4) of Einstein’s photo- 
electric equation ; (5) of Bohr’s theory of 

atomic structure ; and (6) of the quantum rela- 
tion as apphed to ionisation and resonance 
potentials. 

In this manner he obtains seven separate 
calculations of Planck’s constant of action h, 
the least square mean value of which, as shown 
in Table III., is 7i = 6-5543 x 10'®’ erg sec. 
This is close to the average of the value of 
h, which results from consideration of the two 
radiation constants. 

Table III 


Birgb’s Caloulation or Planck’s Universal 
Constant h by Various Methods 


Value of h. 

Method. 

Remarks. 

6-561 -f-0-009 

o-=6-72 

Total radiation 

6-567+0-013 

Cs, = 14330 

Spectral radiation 

6-642-10 011 

Rydberg con- 
stant 

Bohr’s theory of 
atomic structure 

6-678 ±0*026 

Photo-electric 

equations 

Einstein’s equation 

0-666 1 0-009 

X-rays 

Quantum relation 

6-660 1 0-014 

Ultimate 
rational units 

Theory of Lewis 
and Adams 

6-67910-021 

Ionisation 

potential 



Moan value, ft=(6-56434-.o-0025)10-®'' erg sec. 


From this calculation and intercomparison 
by Birge (100) of the data on C 2 , cr, and h, as 
determined by thermal radiometric, photo- 
electric, X - rays, and ionisation potential 
measurements, it appears that the value of 
h, computed from radiometric data, is in close 
agreement -with that obtained by more direct 
measurement. In other words, it appears to 
prove the validity of laws of radiation and to 
establish the level of the numerical values of 
the constants entering therein. 

The outstanding disagreement between all 
the observed and computed data appears to 
be of the order of 1 to 3 parts in 1000, what- 
ever the method or experimentation. This is 
a very close agreement, considering the variety 
of the data and the difficulties involved in 
I making the experiments. It seems to indicate 
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something more than a fortuitous relation 
between properties of matter. 

In conclusion, it may be added tliat to a 
close degree of approximation we have the 
following constants : 

Melting-point of palladium = 1556° C. 

02 = 14320 micron degrees. 

T = 2885 micron degrees. 

cr=5'72 X 10-® erg cm.-* sec.-^ deg.-*, 

h = Q-55 X 10-2’ erg sec. 
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RADIATION THEORY 

§ (1). — The behaviour of electromagnetic radia- 
tions can be regarded from two very different 
points of view. In optics the interest attaches 
to the study of the light waves themselves — 
their refraction, interference etc. — and little is 
said of the way in which the light arises. The 
present problem is the complement of this. 
It is concerned almost entirely with the 
emission and absorption of light, and makes 
use of optical properties only in so far as they 
help in the study of these. In consequence 
of this difference of aspect the mode of treat- 
ment is quite different. Physical optics is 
based on dynamics (including electromagnetic 
theory under the term), but the theory of 
radiation is founded on thermodynamics. As 
will be seen, pure thermodynamics can give 
a great deal of information about radiation, 
but is not capable of completely solving the 
problems that arise, just as it gives a great 
deal of information about the behaviour of a 
gas, but is not competent to give completely 
its equation of state. The subsequent problem 
is therefore to be solved by other methods. 
A direct application of the principles of 
mechanics leads to a definite and complete 
answer, but one which is entirely wrong ; and 
to overcome this difficulty Planck introduced 
the quantum^ principle, with the help of 
which the central problem of the theory is 
solved. 

§ (2) Definitions. — It will be necessary to 
make certain definitions for the measure of 
radiation. These naturally take a very 
different form from those which are used in 
optics. There the starting-point is usually a 
train of monochromatic, polarised, plane, or 
spherical waves, and consequently the funda- 
mental quantity is the amplitude of the waves. 
But in thermodynamics this is of no interest. 
The fundamental quantity is heat or energy, 
and the radiation measured as energy must 
be supposed to have a continuous distribu- 
tion of frequencies and to be travelling in all 
directions. 

The suitable definition is this. Take a small 
aperture da and draw from its edges a cone of 
small solid angle dw ; let the axis of the 
cone be at angle 6 to the normal of da. Then 
a certain part of the radiation will pass through 
this aperture into the cone in time dt. If, as 
we suppose, the radiation is continuously 
distributed, the amount must be proportional 
to da cos ddujdt and the total energy entering 
the cone as radiation may be taken as 
Kdv cos Odwdt. But a further analysis is 
necessary, for the pencil of rays may be 
supposed analysed into a spectrum. This 
spectrum will be continuous and so the 
definition wiU be concerned with the amount 
* See “ Quantum Theory,” 


of energy between frequencies v and v + dv. 
Finally, the radiation may be partly polarised, 
and this is represented by choosing two fixed 
directions and describing the energy corre- 
sponding to waves polarised in each. Thus 
the description of the radiation is fully given 
by an expression of the form 

(Kv + ^/)dvda cos Odudt ; 

if the components of polarisation K,,, Kj,'' are 
known at every point and time the whole 
radiation field is fully described. 

The connection between this definition and 
those of optical theory is not obvious. The 
definition is of course quite unsuited for the 
type of waves usually considered in theoretical 
optics, as these have been simphfied by being 
taken monochromatic, plane, etc. (which is 
only approximately true), and the result of 
the present definition would be that would 
be infinite for one exact set of values and zero 
for all others. But if the electric and magnetic 
vectors are arbitrarily given at every point in 
a space, it is possible to deduce from them 
by means of rather compheated applications 
of Fourier integrals. The chief point of interest 
in the work lies in the spectral resolution into 
frequencies, which is done by virtue of’ a 
theorem of Lord Rayleigh’s, whereby from a 
Fourier analysis of amplitudes it is possible 
to define a precise meaning for the energy in 
any range of frequencies. 

In the treatment of radiation problems by 
thermodynamics it will be necessary to have 
idealised machinery for sorting out the 
radiation into its component parts. For 
example, the polarisation may be studied by 
means of Nicol prisms, but these have to be 
supposed capable of completely transmitting 
one component and completely reflecting the 
other. More important is the question of the 
spectral analysis. For this, advantage may 
be taken of the fact that many substances 
show a selective effect, transmitting Ught of 
some frequencies and reflecting the rest. If 
this is idealised it may be imagined that there 
exists a set of screens, each of which has the 
property of transmitting a certain range of 
frequencies perfectly while reflecting all others 
perfectly. The justification for the use of this 
idealised machinery here is much the same as 
in other branches of thermodynamics, as, for 
example, tire use of ideal semi-permeable mem- 
branes in the study of mixtures of gases. 

Next, consider the emission of radiation. 
This is defined in the same sort of way as 
above. A small volume dv of a body emits 
in time dt radiant energy ■¥ ^v')dvd<i}dvdt 
into a sohd angle dw. In the general case of 
an anisotropic body the two components of 
polarisation and will both be functions 
of the direction of the element of sohd angle. 
The emission from any substance in general 
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will depend on its past history (as in. phos- ■ 
phorescence) or on the forces acting on it (as 
in tribo -luminescence and the light from 
discharge tubes). Now such effects as these 
are not steady state phenomena and so must 
be excluded from thermodynamic arguments. 
We shall exclude all such effects by the 
assumption that and e,/ depend only on the 
nature of the matter composing dv, and on the 
temperature. Radiation which satisfies these 
conditions is called temperature radiation. The 
assumption includes what is known as Provost’s 
law of exchanges, viz., that a body emits an 
amount of radiant energy that depends only 
on its own temperature and not on that of 
its surroundings. 

For absorption the typo of definition is 
rather different. The absorption coefficient 
BL„ for any matter is defined by the fact that 
if a beam traverses a short length dl of it, 
then the beam’s intensity is reduced by a 
fraction of itself, and the part which lias 
disappeared from the radiation reappears as 
heat in the matter. For an anisotropic body 
ttv will depend on the direction and polarisation 
of the beam. As a corollary, if a ray traveraoa 
a length I of matter its emergent intensity is 
a fraction e~o-v^ of its incident. 

§ (3) Radiation in thb Stisady State, — 
With these definitions it is possible to deduce 
many important oonsequonoos simiily from 
the fact that a system left to itself tends to 
equaUse in temperature and so arrive at a 
steady state. The proofs of these propositions 
are quite elementary and it will be unneoessaiy 
to give the chain of reasonmg by wliioli they 
are obtained. 

(i.) The K,/ of a pencil of rays is invariant 
along its path in free space. 

(ii.) Ky is invariant for total reflection at 
any surface, plane or curved. (The concentra- 
tion of light by a concave mirror is not due 
to any change in Kp,, but to an increase in the 
total solid angle through which the rays arrive 
at the focus.) 

(iii.) In a non-homogeneous medium let the 
waves of frequency v have refractive index 
varying from point to point. Then 
is invariant along a pencil of rays. 

These three results are really only matters 
of geometry. 

(iv.) At a surface separating two media 
partial reflection occurs. Take an incident 
ray along the direction A, and suppose that a 
fraction p is reflected and a fraction 1- p 
refracted along B in the second medium ; then 
the possibility of a steady state requires that 
the reverse ray coming along B should have a 
fraction p reflected and a fraction I - p refracted 
into the first medium along A reversed. 

A specially important case of this is that an 
ideal selective screen, which transmits light of 
one set of frequencies and reflects all others, 


must do so in exactly the same way from 
whichever side the fight is coming. The same 
line of argument shows that it is impossible 
to combine the light from two sources by any 
optical device, so as to increase the K,, of a 
pencil of rays. The results of (iv.) can bo 
proved also on dynamical principles ; the 
advantage of the xiresent method is that it 
makes no reference to the mechanism of 
reflection and refraction. 

(v.) Consider a vacuous space surrounded by 
perfectly reflecting insulating walls. In it are 
certain bodies of any character. By moans of 
their radiations to one another they gradually 
set themselves to the same temi)oraturo. A test 
body 2)lacod anywhere in the space must also 
reach this temperature, and that through the 
action of radiation alone. By taking the test 
body as covered in turn with various tyx)cs of 
selective screens, Nicol prisms, etc., it can bo 
shown that the value of K„ is the same at 
every point of the space and for every direction 
and polarisation of the rays. (If the refractive 
index differs from unity, K„ must bo rexilaced 
by K,,/^„®.) This is the ])rincipal result of 
the argument — ^that in the steady state the 
radiation K„ can depend only on v and the 
temperature, and must be quite indeiiendont 
of the position, etc., of the ray examined. 
Such radiation is called complete radiation ; 
also, for a reason that will appear later, black 
radiation. The determination of the form of 
K„ as a function of v and T is the cardinal 
problem of the radiation theory. 

It is often convenient, in the general case 
whore the radiation is not complete, to assign 
a meaning to tiro oxijrossion “ toin^joraturo of 
a ray.” This is defined os the temperature of 
the complete radiation which would give tlio 
same as the ray. The temperature of a 
ray can never bo greater than that of the 
source from which it arose ; this assumes tliat 
the radiation is temperature radiation. Con- 
versely a body can never get hotter than the 
temperature of the hottest rays which strike 
it. To make a body as hot as j)c)ssible by 
radiation it would be necessary to arrange 
some optical device whereby the hottest rays 
should strike it equally from all directions, 
while colder rays, of other frequenoios, should 
be excluded by selective screens. 

As the complete radiation is isotropic, it is 
convenient to use a quantity which makes no 
reference to the directions in which the rays 
are going. This is done by replacing the 
quantity K,, by a derived quantity Uu, where 
Uudv is the total energy in unit volume of 
frequencies between v and v + dv. By summing 
the effects of all the rays passing through a 
small element of volume, it is easy to show 
.that u^ — 8 tK„/c, whore o is the velocity of 
light. The factor is Stt instead of the more 
usual irr, because there are two components 
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of polarisation, each with K^. will be the 
same at all points of the enclosure. (For the 
case with a refractive index the corresponding 
equation is u^, = 8TrK.,,fi„jc, and will be 

the invariant.) 

§ (4) Kirchhoff’s Law. — ^In consequence of , 
the universality of K„ there must be a certain 
relation between the emission and absorption 
of every type of matter. Take a small body 
of volume v. A ray Ky, in traversing it, loses 
an amount of energy auKvdvdudtv, by the 
definitions of § (2), and as the radiation must 
be the same on both sides of the body, this 
must be replaced by emission. The amount of 
the emission is e^dvdcxidlv. Therefore = a^Ky, 
and either Ky = ey/ay or else both e„ and 
ay are zero. This result, Kirchhofi’s law, 
may be stated as follows. The ratio of the 
coefficient of emission to the coefficient of 
absorption is the same for all substances what- 
ever, and depends only on the temperature 
and the frequency of the rays examined. As 
long as only temperature radiation is con- 
sidered this law admits of no exceptions. It 
is proved in the first place for bodies in an 
enclosure ; its great utility lies in its extension 
to free space by virtue of Pi-evost’s law of 
exchanges. 

Kirchhoff’s law makes it possible to deduce 
certain interesting and not very obvious con- 
sequences. For example, tourmaline polarises 
hght by absorbing one component strongly, 
while transmitting the other. To the high 
absorption must correspond a high emission ; 
so if a tourmaline crystal is heated, as it 
preserves the same characteristic when hot, 
it win emit polarised light, and the plane of 
polarisation will be perpendicular to that of 
the light which the crystal ordinarily transmits. 
Again, nebulae of a size thousands of times 
as large as the solar system emit light confined 
to a few lines in the spectrum. Therefore 
their matter is so rare and of such a peculiar 
character that a ray of light of any other 
frequency can go right through this enormous 
distance without experiencing any absorption 
whatever. 

Next, suppose that we have a substance with 
the property that all radiation falling on its 
surface is completely absorbed. This is called 
a hlach body. Perfect blackness requires that 
there shall be no reflection at the surface, and 
this implies no change of refractive index there, 
and also that Oy, the absorption coefficient, 
should be infinitesimal ; the latter condition 
requires that the body should be of infinite 
depth. Such a surface has the property of 
emitting the complete radiation, whether 
enclosed in an envelope or in free space. For 
consider the radiation going into a small cone 
dto at angle 6 to the normal. One of the 
nolarised oomnonents emitted hv a.n file.meut 


is evdvdwdtdcrdz, and of this only a fraction 
c-a,. 2 sec 0 gets through the surface. The 
beam outside is obtained by integrating this 
over all depths, and so is (ey/ay)dvdwdi cos ddcr. 
Hence by Kirchhoff’s law the Ky outside is 
exactly the same as what it wotrld be in an 
enclosed space at the same temperature as 
the black body ; this explains why complete 
radiation is often called blade. 

In consequence of the presence of the factor 
cos 6 in the above formula a black surface will 
appear equally bright viewed from any angle. 
Any departure from the condition of blackness 
destroys this. For example, a change of 
refractive index at the surface involves partial 
reflection, and it is well known from ojjtical 
theory that the oblique rays are more reflected 
than the perpendicular. Therefore such a 
surface will emit less light obliquely than per- 
pendicularly. 

The importance of the idea of the black 
body is that it makes it possible to get away 
from the highly idealised arguments about 
radiation in a completely enclosed space, and 
so to connect pure theory with the results of 
observation. To find the experimental values 
for the complete radiation it will bo sufficient 
to determine the energy emitted (in various 
frequencies) from a black body of knoAvn 
temperature. In order to find its amount this 
energy must be completely absorbed. Thus 
both source and receiver must be black. The 
best form of source is a small hole in the wall 
of a furnace ; for the absorption of such a 
hole is nearly perfect, since any ray that enters 
will undergo many reflections before coming 
to the hole again, and so will be practically 
completely absorbed, and therefore the 
emission of such a hole must also be nearly 
that of a black body. The same form is some- 
times used for the receiving instrument ; but 
in cases where there is little intensity of 
radiation it is necessary to concentrate the 
heat absorbed on as small an area as possible, 
so as to get the greatest temperature rise. It 
is therefore covered with platinum black or 
lamp black, and by subsidiary experiments an 
estimate is made of the imperfection of its 
blackness. For this part of the subject see 
“ Radiation.” 

§ (5) Stefan’s Law and Wien’s Law. — 
The theorems hitherto obtained were all based 
simply on the idea of equalisation of tem- 
perature. By the use of the second law of 
thermorlynamios in the form that perpetual 
motion is impossible, two very important 
theorems can be proved — the law of Stefan 
and Boltzmann, and the displacement law 
of Wien. These are both concerned with 
complete radiation, and it will be convenient 
to replace the fundamental K„ by the derived 
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(i.) The total radiation, of all frequencies 

/^GO 

in unit volume is denoted hyu= u„dv. 

JO 

It is a function of the absolute temperature 
T only and the Stefan-Boltzmann law ^ asserts 
that it is proportional to the fourth power of T. 

First observe that the second law of 
thermodynamics requires that radiation sliould 
exert a pressure. Otherwise it would be 
possible to concentrate the radiation inside a 
perfectly reflecting cylinder by pushing in the 
piston, wthout doing any work ; and the con- 
centrated energy could be absorbed by a body 
hotter than that from which it was emitted. 
From the electromagnetic theory Maxwell 
showed that this pressure is equal to -Jw. for 
isotropic radiation and this leads to the result 
sought. 

Consider a cylinder of volume V with perfectly 
reflecting walls. At one end in it is placed a small 
piece of matter to act as a veliiolo for the transfer 
of heat from outside into radiant energy in the 
cylinder. The total energy of radiation is Yu. Now 
suppose that the volume is increased by an amount 
dV, while at the same time heat flows in from the out- 
side and is partly converted into radiation by tho 
piece of matter. The amount of boat absorbed will bo 

COT-l-d(VM) H-JudV, 

or (^C-l-v|~^dT-|-iMdV, 

where C is the heat capacity of tlio matter. Now 
following tho ordinary thermodynamic arg\imont, 
if this is divided by T the result must bo a perfect 
differential, and for this to bo so 

3 /C V du\ 3 /4 m\ 

3V\T''"T 3Ty”3T\3 iv’ 

wiiich leads to Bw/ST—dfit/T). If this equation 
is integrated tho result is where o" is a con- 

stant. Tills is Stefan’s law. A further oonsequonco 
which will bo required later is that in an adiabatic 
expansion VT® is constant. 

The argument can bo reversed so that tho law of 
pressure may bo deduced from Stefan’s law. Thus, 
if tho pressure is supposed to bo tho unknown /, an 
equation of tho form (3//3T)-//T»»'a/T must hold. 
Now if M=<(rT^ is substituted and the equation 
integrated tho result is /=»jM + aT, where a is an 
integration constant. So apart from this constant 
Stefan’s law leads straight to Maxwell’s law of 
radiation pressure. It is far tho most accurate 
verification of the validity of that law, as tho pressure 
itself is so exceedingly minute as to bo barely per- 
ceptible to direct observation. 

(ii.) The relation of Stofan and Boltzmann 
concerns only the total radiation, and has 
nothing to say as to the distribution in tho 
various parts of the spectrum. If thermo- 
dynamics are to be made to give any informa- 
tion about this, it is necessary to have some 
mechanism whereby radiation of one frequency 
can be changed reversibly into another. Tho 
usual mechanism of conversion is by absorption 
* See “ Radiation,” Part 11. 


and re-emission, but as long as the relation 
Kv = evlav is satisfied the thermodynamic 
conditions are fulfilled and so this method 
gives no help. But there exists another way 
of changing frequencies, namely, by the Doppler 
effect; that is, by reflection of the rays at a 
moving mirror. By the use of this idea it is 
possible to deduce a relation connecting u,,, v, 
and T. The argument falls into two parts — a 
thermodynamic and a mechanical. Tho former 
shows that, under certain conditions, if a 
reflecting enclosure is filled with complete 
radiation and then expanded adiabatically, 
tho radiation will remain complete, without 
tho intervention of matter. Tho second part 
consists in calculating the actual change in 
tho radiation produced by the expansion. 

(а) Consider thoacliabatio eompiession of a cylliidor 
with perfectly reflecting Avails, suppoBing that somo 
part of tho wallw refloctH clifluscly, so that the radia- 
tion certainly remaiuH isotropic. At every stage 
tho work done depends on the prosHure, and thia is 
given by tho dcuaity of tho total radiation. So 
whether the radiation remains covqdete or not, tho 
energy clouBity will bo the Hamo at every stage, and 
so will tho work of compression, fl’ho relation 
VT® “Constant implies that when tho volume is V 
tho density of total radiation is tho same as that of 
complete radiation of temperaturo T. 

Now imagine that tho olToot of the adiabatic com- 
pression is to make tho radiation no longer complete. 
Take Vi as tho initial volume, and supijoso It filled 
Avith oomploto radiation of temperature (lom- 
presH the cylinder slowly by a finite amount to 
volume Vg. Then it V2T2®'=»Vj^fl’^®, tho density of 
total radiation Avill be tho same as that of eoinpleto 
radiation of temperature fl’a, but by hyjjothoHis some 
spootral regions avIH bo in excels and some in defect. 
Now introduce a small piece of matter of negligible 
lieirt capacity, 'J'hiH Avill readjust the radiation to 
oomplotenoss, but Avill not alter its total amount. Tho 
adjustment is an irreversible process and so involves 
an increase of entropy. Next, keeping tho matter in 
tho cylinder, sloAvly expand to tho original volume. 
Tho work gained in tho up-stroko is exactly equal 
to that done in the down-stroke, for they both depend 
only on tho total radiation. If tho matter is noAV 
withdrawn, tho system will have returned to its 
original state, and no heat has boon communicated 
from outside. Tho eyolo eould bo repeated in- 
doflnitely and it would be possible to got a continual 
inoroaso of entropy witliout any introduction of 
heat or porfoiunanoo of work ; and this is oontrai'y to 
thormodynamio principles. Therefore the adiabatic 
oomprossion must oonsorvo tho oomplotenoss of: 
radiation. 

There is ono small point in tho proof worth 
mentioning. Reficotion at a moving mirror not 
only changes the froquenoy, but also tho dirootion 
of tlio light. If tho Avails are perfect cylinders Avdth 
perpendicular ends, tho oomprossion will make tho 
radiation anisotropic, and so of course not oomploto. 
This is tho reason why it was nocessary to spooify 
that somo part of tho walls must rofloot dilTusely. 

(б) It is now necessary to examine tho ofTcot on 
radiation when it is roflocted at a moving mirror ; 
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in particular to count up the losses and gains for a 
small region dv of the spectrum. If a beam inclined 
at angle 6 falls on a mirror moving with small velocity 
V, it may be shown that the frequency of the reflected 
beam is v' = v{l~2{vlc) cos 6) and that its direction 
is given by O' = 5 +2{r/c) sin 8. There is also a change 
in the intensity, since work is done on the mirror. 
It may be shown that the ray u^dv (sin OdOdtpl^Tr) 
is the azimuthal angle) exerts a pressure 

2 cos^O Uvdf (sin OdOd^l^w). 

Now consider the gains and losses to the region dv. 
Of energy originally in this region and at this angle 
an amount 

Ui,dv (sin OdOdepfiTr) (c cos 6 — v)dtda’ 

strikes the mirror in time dt and in the element of 
area dcr. This energy is all lost. Summing over all 
angles the gross loss is 

Uudv {{cJ4:)-(vi2)}dida-. 

Thera is a compensating gain from the light wliich 
has its frequency brought into dv. This comes from 
various regions. If one of them had frequency be- 
tween Vq and before reflection and inclination 

between 0^ and Oo+dOo, then Vo^v{l+2{v/c) cos 9}, 
and 0o = d-2(u/c)sin The energy in this region 
gives after reflection an amount in dv equal to 

Uv,dvo(~-^^){c cos eo-v)dtdcr 

„ „ , /sin 6ddd(p\ , , 

- 2 cos- Ouvdv ( — ] vdidcr , 

the subtraction of the second term being due to the 
disappearance of energy in performing work. If 
uy-^{y^-v)(duvldv) is written for and if the 
values of Vq and Oq are substituted and the result 
integrated over all angles, it gives as the gross gain 

The net gam is therefore 

\^^dvvdtd(T, 

and if this is summed over the whole mirror it becomes 

\^-^dvdY, 

where dV is the total gain of volume in the time dl. 
Thus adiabatic expansion requires the equation 

d{Yuv)—\^^dY, 

or written as a partial differential equation 

The general solution of this equation is 
Uv=v^'S{Yv% 

where I? is an arbitrary function. But, since 
VT® remains constant in adiabatic expansion, 
V=oonstant/T®, and this equation can be rewritten 

and this is Wien’s displacement law. 


The relation = v%{v/T) makes it possible 
to deduce the radiation curve (that is, the 
curve connecting and v) for any temperature 
once it is known for a single temperature. All 
purely thermodynamic conditions are now 
satisfied and the determination of the form 
of the function fi must invoke other principles. 
It is not surprising that it should not be 
possible completely to determine it ; it is 
like the fact that no thermodynamic argument 
can completely determine the equation of state 
of a gas. 

In connection with experimental work it is 
customary to use wave-length instead of 
frequency. This alters the form of the dis- 
placement law. Let 

'E\d'K=Uvdv, 

so that E\ is the density of isotropic energy 
per unit wave-length. If use is made of the 
relation \ = clv the law is given in the form 

E,\=X-®/(XT). 

§ (6) Planck’s Radiation Formula, — The 
true radiation formula ivas found by Planck. 
Its theoretical deduction is given under 
“ Quantum Theory.” ^ The formula is 

Here c is the velocity of light — 2-9986 x lO''-® 
cm. per sec. — and Ic and h are universal 
constants, h is the atomic gas constant ; that 
is, f /cT is the mean kinetic energy of a molecule 
of a monatomic gas (supposed a perfect gas) 
at absolute temperature T. Its value is 
approximately 1-372x10"^® erg deg."^. h is 
the quantum, and its value is approximately 
6-55 X 10“®’ erg sec. Observe that the expres- 
sion satisfies Wien’s displacement law. 

In Fig. 1 the firm line shows the curve for 
T = 1000° abs. The main characteristic of the 
curve is the rapid, fall from the maximum on 
the side of short wave-lengths and the much 
more gradual fall on the other side. The unit 
for X is 10“* cm. — the visible spectrum would 
come about in the region between 0-4 and 0-6 
of X. Ea is in O.G.S. units. Its significance 
wQl be made clearer by the statement that 
the energy in 1 c.c. in'” a spectral region of 
breadth 1 A.U. (10-* cm.) is 17-38 x 10'® erg 
at the wave-length 28,850 A.U. (the values are 
those at the maximum point). 

The corresponding curve at a higher tem- 
perature T' is obtained by shortening each 
X in the ratio T/T' and lengthening the 
corresponding Ea in the ratio (T'/T)®. The 
chain curve in Fig. 1 is that for the absolute 
temperature 1100°, and it may be seen what 
a large increase in the radiation is made by a 

^ See “ Quantum Theory,” § (4). 



comparatively small change of temperature. I for this expression would Ho very close to the 
Of two curves the hotter always lies entirely corresponding curve of Fig. 1, exeej)t on the 
outside the colder. | extreme right, where it would fall somewhat 



On the side of the short wave-lengths the 
curve is closely approximate to 

8irhc -hcll-'£K 

which is known as Wien’s formula. The curve 


below it. Apart, from the fact that it is a 
convenient approximation, the interest of 
Wien’s expression is mainly historical, as it 
was the earliest radiation formula to be 
suggested. 

On the side of the long wave-lengths, but 
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far beyond the region shown in the figure, 
Planck’s formula becomes approximately 

_87r/cT 

EA--yr- 

This is known as Rayleigh’s formula.^ The 
curve in Fig. 1 marked R is the Rayleigh curve 
corresponding to 1000°. Its importance lies 
in the fact that it is undoubtedly the expression 
which ought to be found if the classical system 
of mechanics were valid. For its derivation 
see “ Quantum Theory,” § (4). Planck found 
his formula by combining those of Wien and 
Rayleigh, so that each should be verified in 
its region of validity, and the formula then 
led him to his great discovery of the quantum. 

The position of the maximum ordinate is 
given by 

_ he I 

a 

where a is the solution of the equation 

1 -a “ . 

1 — e 


that is. 


a = 4'9651. 


The height of the maximum is proportional 
to T®. Its locus is shown in the broken curve 
of Fig. 1. It is of interest to observe the 
position of the maximum for a few tem- 
peratures. At ordinary room temperature it 
is about 10"® cm. At 1000° abs., a dull red 
heat, it is still at a wave-length more than 
four times that of visible light. Even at 2000°, 
which is a dazzling white heat, it is still more 
than twice the wave-length of visible light. 
Again, from the fact that the sun’s radiation 
has its maximum in the yellow, it may be 
deduced that its temperature is nearly 6000° 
abs. — a result confirmed by the application of 
Stefan’s law to its total radiation. 

Stefan’s constant ^ <r may be deduced from 
Planck’s formula by integrating over all values 
of X. This leads to the result 

The determination of the constants Tc and h 
is usually done in the following two stages. 
One relation is found by measuring the total 
radiation. This gives a-. The second is got 
from the shape of the curve or the position 
of the maximum, which it may be seen 
determines hejh. The universal constants Ic 
and h found in this way by the most refined 
experiments are given with about the same 
order of accuracy as by other methods. 

Bacliation theory is dealt vdth very clearly and 
thoroughly in Planck’s Bie Theorie der Wdrme- 
atrahlung, 4th edition (Barth, Leipzig). Many text- 

* “ Remarks upon the Law of Complete Radiation,” 
Phil. Mag^ 1900, xlix. 539. 

“ See “ Radiation,” Part 11. 


books of modern physics devote a cliapter to the 
subject; for instance, Richardson’s I'he Electron 
Theory of Matter (Camb. Univ. Press). nan 


Radiations prom Radioactive Matter, 
effects of, on glass. See “ Radioactivity,” 
§§ (10), (15). 

Various effects produced by. See ibid. 

§ (15). 

Radioactive Constant of a Radio-element : 
a term used in radioactivity to denote the 
fraction of the total amount of radioactive 
material changing in a unit of time, the 
unit of time being so chosen that the 
quantity of radioactive material at the end 
of it is sensibly the same as that at the 
beginning. See “ Radioactivity,” § (5). 

Radioactive Substances, rays from, capable 
of exciting certain materials to emit visible 
light. See “ Luminous Compounds,” § (1). 


RADIOACTIVITY 

§ (1) General Properties of Radioactive 
Bodies. — The property of radioactivity was 
discovered by Henri Becquerel in 1896 for 
compounds of uranium, which he found to be 
spontaneously emitting radiations capable of 
affecting a photographic plate and of penetrat- 
ing considerable thicknesses of matter. The 
radiations were also found to cause certain 
salts to fluoresce and to ionise air and other 
gases through which they passed. A fuller 
examination of the uranium salts showed 
that no variation could be detected in the 
intensity or in the character of the radiation 
with lapse of time. The intensity depended 
simply on the amount of uranium present, 
and was independent of the physical con- 
ditions to which the uranium was subjected. 
In 1898 Madame Curie and Schmidt independ- 
ently showed that the property of radio- 
activity was also shared by thorium and 
minerals containing that element. The radia- 
tions from uranium and thorium are complex 
in character and consist of three distinct types 
which will be considered in detail later. These 
are known as the a, j3, and y radiations ; the 
a rays consist of a stream of positively charged 
particles projected with great velocity, and are 
very easily absorbed by thin sheets of metal 
foil and by gases ; the j3 rays are far more 
penetrating and are identical with the nega- 
tively charged particles constituting the 
cathode rays in a discharge tube ; the y rays 
are exceedingly penetrating and are identical 
in character with X-rays, the only difference 
between them being that the wave-length of 
the former is much shorter than that of the 
latter. 

A substance which is capable of spontane- 
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oxishj emitting these penetrating radiations is 
said to be “ radioactive.” Of the 80 or more 
elements known in 1896 only uranium and 
thorium, the two heaviest elements, were found 
to be radioactive, and. all the other radio- 
elements knoAvn to-day are derived from these 
two elements. 

In addition to these radiations some of the 
radio-elements produce what are known as 
radioactive emanations which are gaseous. 
The emanations can bo condensed at the tem- 
perature of liquid air, but even at ordinary 
temperatures they impart radioactivity to solid 
objects with which they como into contact. 

In 1899 and 1900 the results of several 
investigations showed that some radioactive 
substances, unlike uranium, which showed no 
appreciable change of activity over a period of 
years, lost the greater part of their activity in 
the course of a few minutes or hours. For 
example, it was found that the emanation from 
thorium lost half its activity in less than one 
minute. Hence, in addition to the more per- 
manent radioactive elements, there were others 
with only a transient existence. 

§ (2) Uranium X. — Madame Curio had shown 
in her early experiments that the radioactivity 
of uranium was an atomic phenomenon. It is 
unaffected by chemical combination with other 
inactive oloraonts. Crookes,^ however, showed 
that by a single chemical operation, namely 
precipitating a solution of uranium with 
ammonium carbonate, the uranium could be 
obtained photographically inactive while the 
whole of the activity could be concentrated in 
a small residue free from uranium. This 
residue, Avhioh was called Uranium X, was 
many hundred times more active photographic- 
ally weight for weight than the uranium from 
which it had boon separated. A similar result 
was obtained by Becquorel, who found that 
barium could bo made photographically very 
active by adding barium chloride to a uranium 
solution and precipitating the barium as 
sulphate. After a number of precipitations the 
uranium was rendered photographically ^ in- 
active wliile the barium was strongly active. 
These results seemed to point to the fact that 
the activity of uranium was not duo to the 
element itself but to some other substance 
which was associated with it. 

The active barium and the inactive uranium 
in the last experiment were left for a year and 
again examined. It was now found that the 
uranium had completely regained its activity, 
while the activity of the barium sulphate had 
completely disappeared. The loss of activity 
of uranium was therefore only temporary in 
character. 

§ (3) Thoriitm X. — Rutherford and tSoddy ® 

^ Clronkos, Boy. Boa. Proc., 1000, A, Ixvl. 400. 

“ Rutherford and Soddy, Phil. May., 1902, iv. 
370 and 669. 


carried out similar experiments on thorium and 
were able in a single chemical operation to 
separate an intensely active ermstituent from 
thorium. This they called Thorium X. In a 
month’s time the thorium X had lost all its 
activity whilst the thorium had completely 
regained it. 

§ (4) Dkoay and Recovery of Uranium X. 
— The next step Avas to examine the time rate 
at which the ])ruces8es of decay and recovery of 
activity took place. Uranium X omits only (i 
rays, whilst uranium gives out only a rays. 
If all the measurements are made witli (i 
rays, the ionisation produced will depend on 
the quantity of uranium X present and not 
on the quantity of uranium — the uranium 
will be effective only in so far as it produces 
uranium X. 

The uranium is left for some months so as to 
come into equilibrium Avith its product uranium 
X ; they are then separated by one of the 
methods already mentioned. The j3 ray 
activity of the uranium Avill at first be zero, but 
it will gradually increase as uranium X is 
formed, whilst the activity of the uranium X 
falls off according to an exponential law. The 
two curves shoAvn in Fig. 1 show the rates at 
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which the decay (ouiwe B) and recovery (curve 
A) of uranium X take X)laco. The sum of the 
/3 ray activities of the uranium and the uranium 
X is constant, showing that uranium X is being 
produced from uranium at exactly the same 
rate as it is decaying when separated from 
uranium. The curves show also that it decays 
to half value in 25 days. 

Similar results have boon obtained with 
other radioactive products separated from 
their parent elements, and the law that the rate 
of decay of activity of a given product is 
exactly equal to the rate of recovery of activity 
of the substanco from which it has been 
separated, is universally true. 

The decay curve in Fig. 1 shows that uranium 
X loses its activity according to an exponential 
law Avith the time. It will be seen later that 
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this is the general law of decay of activity in 
any type of radioactive matter, separated from 
its parent and from any secondary active pro- 
ducts which it may itself produce. When this 
law is not fulfilled it can be shown that the 
activity is due to the superposition of two or 
more effects, each of which decays accorchng to 
an exponential law with the time. 

I (5) The Radioactive Cohstaht. — If No 
is the number of atoms of any given product 
present at any time taken as zero, and the 
number remaining after an interval of time t, 
then accordmg to the above law of decay 

. . . ( 1 ) 

where X is a definite constant characteristic of 
the given product. The above equation may 
he written, 

f-‘=-XNe, . . .-(2) 

so that X represents the fraction of the total 
amount of radioactive material changing in a 
unit of time, the unit of time being so chosen 
that the quantity of radioactive material at the 
end of it is sensibly the same as that at the 
beginning. It has Afferent values for different 
types of radioactive material, but is invariable 
for any particular type of material. This 
constant X is called the radioactive or trans- 
formation constant of the radio-element. 

§ (6) The Hale-valitb Period. — There is 
another constant which is extensively used in 
radioactivity. This is the half-value period or 
the period of half change of a radioactive sub- 
stance. This is the time taken for the atoms 
present in a radio -element to decrease to half 
their number. Denoting this by T, equation 
(2) gives 

T = 0-6932.^. . . . (3) 

The decay curve of uranium X given in Fig. 1 
will be represented by equation (1) above, if the 
correct value is substituted for the radio- 
active constant X. The equation for the 
recovery curve is at once obtained from the 
fact that at any time the sum of the quantity 
of uranium X in the portion separated from 
the uranium and the quantity produced by the 
uranium is a constant. It is 

Ni=No(l-e-^*), . . . (4) 

where No is the number of atoms of uranium X 
finally produced by the uranium. 

The rate of decay of a radio-element is 
absolutely independent of any variation 
in physical and chemical' conditions. Por 
example, the decay of activity of any product 
takes place at the same rate when exposed to 
light as when it is kept in the dark, and at the 
same rate in a vacuum as in air or any other 
gas at atmospheric pressure. The activity is 


unaffected by intense heat or extreme cold. 
Electric discharges and strong magnetic fields 
are quite ineffective in producing a change in 
the rate of decay. 

§ (7) Disintegration Theory. — The pro- 
duct uranium X is one example of radioactive 
matter of which there are many other types. 
Each such product has definite chemical as well 
as radioactive properties which distinguish it 
not only from the other active products, but 
also from the substance from which it is 
produced. To explain the continuous pro- 
duction of radioactive matter Rutherford and 
Soddy ^ in 1903 put forward the view that the 
atoms of the radio-elements are undergoing 
spontaneous disintegration, and that each 
disintegrated atom j)asses through a succession 
of well-marked changes, accompanied by the 
emission of characteristic radiations. This 
theory has been found to account in a satis- 
factory way for all known facts of radioactivity. 

The general law governing the rate of decay 
or, in other words, the rate of disintegration of 
all radioactive substances (given by equation 
(1)) states that the number of atoms breaking 
up per unit time is proportional to the number 
of atoms present. The number of atoms 
breaking up in a given time is subject to 
fluctuations round the average value of the 
magnitude to be expected from the general 
probability theory, so that X, the radioactive 
constant, represents the average fraction of the 
number of atoms which break up per unit 
time. The fraction of a product transformed 
per second is independent of the age of the 
product and does not depend upon the con- 
centration of the active matter itself. It is 
found that radium emanation, for instance, 
more than three months old decays at exactly 
the same rate as emanation freshly produced 
by radium ; the chance of an atom breaking 
up in a given time is the same whether it is 
produced a second before or has existed inde- 
pendently for a long period of time. These 
facts lead to the conclusion that radioactivity, 
as far as the individual atom is concerned, is 
an instantaneous phenomenon. There is no 
gradual loss of energy. Before and up to the 
actual moment of disintegration the atom of a 
radio-element is in no way different from an 
atom of an inactive element. Similarly the 
new atom produced after disintegration is 
similar in all respects to an ordinary atom. 
Hence any atom may exist unchanged for any 
time from zero to infinity. 

§ (8) The Period of Average Life op an 
Atom. — It is often convenient to speak of the 
average life of a large number of atoms. If N^ 
be the number of atoms present at the start, 
then after an interval of time t the number 
which change in the time dt is equal to XN5i 
(from equation (2) above) or XN^e'^^df. Each 
^ Rutherford and Soddy, Phil. Mag., 1903, v. 576. 
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of these atoms has a life t, so that the average 
hfe of the total number is given by the expres- 
sion 

roo 


and this is equal to l/\, that is, the period of 
average life of an atom is the recijjrocal of tho 
radioactive constant. The period of average 
life of an atoyn based on the above calculation 
may be defined as tho sum of the separate 
periods of future existence of all the individual 


atoms divided by the number in existence at 
tho starting-point, any time being taken as 
the starting-point. The constant relates, 
therefore, to the future life of the atom and is 
independent of the period tho atom has already 
been in existence. 

The period of average life of each of the atoms 
in tho three disintegration series — radium, 
actinium, and thorium — ^is included in tho 
following table, which also gives the atennio 
weight of tho product together with the 
radiation emitted l)y it. 


Tabl® I 


Uranium I / 

8x10^ years \ 

238 

y>a 




(?) 8% 


si 



Uranium , 

3 S’ 5 days 1 

234. 

V 

}->/3 

Uranium Y 

2’ 2 days 

Uranium , 

l-es minutes 1 

234 

V 


Uranium Z 
etui unkiiouin 

Uranium II , 
3x10^ years!?) ' 

234 

V 

y^-a. 

Actinium 

(n 

Ionium 1 

2x10^ years . ' 


y>-a 

Radlo- 

Acilnlum 

28’1 days 

Radium , 

2440 years 1 

'220 


Actinium X 
18’4 days 

Emanation 
B’55 days 1 

[222 

^ — >-a 

\ Emanation 
S’ 8 steonds 

Radium 

4-3 minutes 

( 218 


Actinium A 
O’ 003 seeond 

Radium B 

SB’S minutes 

[214 

y^p 

Actinium B 

52’1 minutes 

Radium C 

2B’1 minutes „ 

f 214 

'V ( 

/3 

Actinium C 
3’1 minutes 


10 ‘'sBoonrfl “ )i-9 minutes 

(V vV P 

(210} End 

24 years 

Radium E/' \ a 
7-20 days [^10 J^p 

Radium 

tSedays (210 H-rt 



^ — ■/ cilnfum D 

P'*'C ^ minutes |j 

^aioy 


End ( 200 
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§ (9) Radioactive Equilibrium. — Each of 
ttie three disintegration series given in Table I. 
consists in a long succession of changes, P 
producing Q, Q producing R, and so on. The 
rate of change varies from product to product, 
but in each case it follows an exponential law. 
If a radioactive mineral is sealed up so that the 
products of transformation are allowed to 
accumulate, a stage is ultimately reached in 
which the amount of each product formed is 
equal to the amount transformed per unit 
time throughout the series. In this state there 
is a balance between the loss of activity of the 
matter already produced and the gain of 
activity due to the production of new active 
matter. Material which has I'eached this state 
is said to be in radioactive equilibrium. 

It is evident that in the state of radioactive 
equilibrium the number of atoms disintegrat- 
ing per unit time is the same for each product. 
So that if P, Q, R are the amounts of the 
successive members of the series present when 
radioactive equilibrium obtains, and Xi, Xg and 
X 3 their respective transformation constants, 

XiP = XgQ=X3R. ... (5) 

The amount of each product present is there- 
fore inversely proportional to its radioactive 
constant or directly proportional to its period 
of average life. According to the above rela- 
tion there is a constant jiroportion between 
the quantities of successive members of a 
system in radioactive equilibrium. Thus in 
old uranium minerals the ratio of the amount 
of radium to uranium is always the same, there 
being about 3-2 tons of uranium for every 
gramme of radium. Now the period of average 
life of radium is known to be 2440 years, so that 
by the above relation the period of average life 
of uranium must be about 8 x 10® years. This 
relation ma^' in this way be used to calculate 
the period of a long-lived product when its 
amount, relative to another whose period can 
be measured, is known. It is useful also to 
measure the quantity of a short-lived product 
when its period can be determined. Hence if 
the period and amount of a product in a given 
series are known and the period or amount of 
another product in the series can be measured, 
the remaining unknown quantity for this 
product can be calculated. In the radium 
series both the period and amount of emanation 
can be measured accurately with the result 
that the same information can be obtained by 
calculation for most of the other members of 
the series and for uranium itself. 

The activity of a product is measured by 
means of effects produced by the radiations 
which it emits, and before proceeding further 
it would be advisable to consider the properties 
of these radiations in detail. 

§ (10) Radiations of Radioactive Sub- 
stances, — The first analysis of the complex 


radiations emitted by the radio -elements was 
made by Rutherford.^ Two general methods 
were employed to distinguish between the 
types of radiations given out by the same 
body and to compare the radiations from 
different radio -elements. These were based 
on : 

(i.) The deflection of the rays in a magnetic 
or in an electric field. 

■ (ii.) The relative absorption of the rays in 
solids and gases. 

Experiments carried out on these lines 
revealed three distinct types of radiation 
emitted by the radio-elements, which Ruther- 
ford called the a, and y rays respectively. 
The difference between these radiations is 
brought out very clearly when a radioactive 
substance emitting the three kinds is placed 
in a strong magnetic field. Suppose a small 
quantity of radium in equilibrium with its 
products is placed at the bottom of the central 
hole in a lead cyclinder L which rests on a 
photographic plate P. If a strong magnetic 
field be applied at right 
angles to the plane of 
the paper and directed 
towards the paper the 
three types are separ- 
ated from one another 
in the manner shown 
diagrammatically in the 
figure. The 7 rays pro- 
ceed without deviation. 

The a rays are deflected slightly to the left 
whilst the /3 rays move to the right, describing 
circular orbits Avhose radii vary within wide 
limits. The /3 rays are so much bent round 
that they strike the photogi’aphic plate, 
producing a diffuse impression upon it. The 
same relative effects are produced by the 
application of an electric field. It should be 
mentioned, however, that the deviation pro- 
duced in the a ray beam is exceedingly small 
compared with that produced in the j3 ray 
beam. So small is the deviation produced 
in the case of the a rays that for some time 
they were thought to he non-deviable by a 
magnetic field until Rutherford ® in 1903, by 
usiag a more active preparation of radium 
than had been previously employed, showed 
that they were deflected both by a magnetic 
and by an electric field. These experiments 
show that the a particles carry a charge 
opposite to that carried by the particles. 
The latter were found by Giesel to be similar 
to the cathode particles in a discharge tube 
and therefore carried negative charges, whilst 
the former are similar to the canal rays in a 
discharge tube which ha.d been shown by Wien 
to consist of positively charged particles 
travelling at great velocities. 

1 Rutherford, Phil. Mag., 1890, xlvil. 116, 

“ Ibid., 1903, v. 177. 
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§ (11) a Rays, (i.) Range of a Rays. — The 
a rays produce intense ionisation along their 
path in a gas, and, in consequence, they 
rapidly lose their kinetic energy until their 
velocity is reduced below the value at which 
they can ionise. Bragg and Kleeman ^ showed 
that the ionisation due to a homogeneous pencil 
of a rays ends after the rays have traversed 
a certain distance in air, this distance being 
called the range of the a particle in air. The 
range of an a particle from a simple produet 
is a constant for a definite temperature and 
pressure of the gas traversed. It varies in- 
versely as the pressure and directly as the 
absolute temperature, so that in specifying 
the range it is important to state the tem- 
perature and pressure as well as the nature of 
the gas. Different products emit a rays of 
different ranges, so that the range of the a 
particle is characteristic of the product from 
which it is emitted. 

Geiger and Nuttall “ employed the follow- 
ing method for determining the range, and it 
is applicable to every 
kind of radioactive 
matter provided the 
latter is not gaseous. 
The active material is 
placed in the form of 
a thin film on a small 
metal disc D in the 
centre of a metal bulb 
whoso internal dia- 
meter is about 8 cm. 
The disc, which is insulated from the bulb, 
is connected to one pair of quadrants of 
an electrometer, and the metal bulb is 
connected to a potential sufficiently high to 
produce the saturation current. Through the 
insulated stopper also passes a tube by means 
of which the bulb can be exhausted. The 
method of procedure was to measure the 
saturation current at different pressures. The 
results obtained are shown in Fig. 4. For 
low pressures the ionisation is very nearly 
proportional to the pressure, but when the 
pressure has reached a value such that all 
the a particles are completely absorbed in the 
gas, the ionisation current reaches a maximum 
value which remains constant with further 
increase of pressure, except in the case when 
two products in equihbrium were examined, in 
which case there are two abrupt breaks in the 
curve. The pressures at which the breaks in 
the curves occur correspond to the maximum 
ranges of the a particles in the gas at those 
pressures. The knowledge of this pressure 
enables the range in air at atmospheric pressure 
to be deduced, since the range is inversely 
proportional to the pressure. 

^ Bragg and Kleeman, PM. Alaff., 1905, X. 318. 

* Geiger and Nuttall, ibu/., 1911, xxll. 013 ; 1912, 
xxiii. 439 ; xxiv. 647. 
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Geiger ^ had previously found that the 
following relation existed between the range R 
of the tt particle and its velocity V — 

R=aV3, ... . (0) 

i.e. the range is proportional to the cube of the 
velocity. The results of Geiger and Nuttall 
showed that a definite relation existed also 



between the range and the radioactive con- 
stant of the substance emitting the radiation. 
This is shown grai)hical]y in Fig. 6. 

If the range of the a particle of any product 
is known the period of this product can bo 
deduced from this relationshij). Tims the 
period of average life of uranium II should bo 
about 3 X 10® years, and that of ionium 3 x 10® 



Fig. 6. 

years, periods too long for direct determina- 
tion. Similarly from the long range a particles 
omitted by radium C' and thorium O', the 
very short periods of those products can bo 
deduced ; these would be of the order of 
10-® and lO"’-® seconds respectively. 

The curves show that those products whoso 
average life is long emit a rays whoso range 
is small, and vice versa. 

" Goigor, Xtoy. Soc. Proc., 1910, A, lx.xxill. 6 

2 V 
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(ii.) The Slopping Power of Metal Foils . — 
If a thin, metal foil is maerted in the path of 
an a particle, the distance it will travel in 
air will be reduced. The difference between 
the range of the particle with and without 
the foil interposed is called the stopping power 
of the foil. 

Stopping power is an atomic property. 
Bragg and Kleeman ^ found that for a single 
atom it is proportional 
to the square root of 
the mass of the atom, 
and for a molecule it 
is proportional to the 
sum of the square roots 
of the masses of the 
atoms composing that 
molecule. Two films 
will therefore have the 
same stopping power if 
the number of atoms 
contained per unit area 
is in the inverse ratio 
of the square root of 
their atomic masses. 

The stopping power 
of an atom depends 
upon the speed of the 
particles. It is, however, almost inde- 
pendent of the speed in the case of sub- 
stances of about the same atomic weight " 
as air, but it decreases with diminishing 
speed of the a particle for heavier molecules. 

When a stream 
of particles falls on 
a sheet of metal 
foil, some of the 
particles will come 
into direct collision 
with the atoms 
composing the foil. 

The particles travel 
with a velocity of 
the order of 10® cm. 
per sec., but however 
fast they travel we 
should expect that 
in a direct collision 
they would be stopped. This, however, was not 
found to be the case by Bragg and his col- 
leagues. From their researches they concluded 
that each a particle pursued a rectilinear course, 
no matter what it encountered ; it passed 
through all the atoms it met, whether they 
formed part of a solid or a gas, suffering little 
or no deflection on account of any encounter 
until very near the end of its course. A thin 
metal plate placed in a stream of particles 
robbed every particle of some of its energy, 

’ Bragg and Kleeman, PhU. Mag-, 1905, x. 318 and 
000 . 

“ The atomic weight of the hypothetical atom of 

n.ir iDA-V hA fnlrAn no 


but the number of particles in the stream 
before and after traversing the thin sheet 
remained ’the same. Hence an a particle 
appeared to pass clean through atoms of 
matter in its path as if they were not there, 
in which case two atoms of matter occupy the 
same space at the same time. In passing 
through the atom some of the energy of the 
particle is absorbed and its velocity therefore 
diminishes as it pursues 
its course. Further, the 
slower it moves the 
more easily is it de- 
viated from its course or 
scattered. 

(iii.) Visible Tracks 
of a Particles. — C. T. R. 
Wilson ® succeeded in 
making visible the tracks 
of a j>articles as they 
pass through a gas. The 
method consists in 
suddenly expanding 
moist air in a closed 
space, during which 
operation the moisture 
condenses on the ions 
formed by the particle 
along its path. By suitably illuminating the 
expansion chamber, the tracks of the particles 
can be made visible and actually photographed. 
The tracks of a particles from radium are shown 
in Fig, 6. It will be observed that the tracks 
are almost all per- 
fectly straight, but 
there are a few which 
show abrupt ' large 
deflections, especially 
towards the end of 
the path (see Fig. 6b, 
which is an en- 
larged portion of 
Fig. 6a). The chance 
of a “single” scat- 
tering through a 
large angle increases 
rapidly ■with decrease 
of velocity of the 
particle, and in consequence such scattering 
will be most in evidence near the end of the 
range of the particle. 

(iv.) Counting of a Particles. — Two methods 
have been employed to count the number of 
a particles emitted by a radioactive body. 

{a) The Scintillation Method. — This is based 
upon the fact that each a particle produces 
one scintillation when it strikes a screen of a 
substance such as zinc sulphide (see article 
on “ Luminous Compounds ”). The method 
of procedure is to fix the screen to the micro- 
scope at such a distance from the objective 
that it is perfectly in focus. The microscope 



Fig. 6a. 



Fig. Ob. 
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is mounted on a graduated stand along which 
it can slide and be placed at any desired 
distance from the a ray source. It is advisable 
to use a microscope with a low-power eye- 
piece combined with an objective of high 
light- collecting power, and tlie ai'ea of the 
field of view need not be larger than about 
one square millimetre. Also the counting is 
facilitated if the screen is very faintly illu- 
minated so as to keei3 the eye the more easily 
focussed upon it. Measurements can be made 
most accurately with about 40 scintillations 
per minute. With more than about 80 or 
less than about 10, the counting becomes 
troublesome and uncertain. It is best to 
coimt for one or two minutes, afterwards 
resting the eye to count again for another 
one or two minutes, and so on. It is also 
essential to remain in the dark for about half 
an hour before starting to count, so as to 
get the eye quite accustomed to the dark. 

(b) Butherford and Geiger's ^ Electrical MetJiod, 
— In this method the ionisation produced by 
each a particle is magnified by using the 
principle of the production of ions by collision. 
In this way the small ionisation current pro- 
duced by a single a particle may be magnified 
several thousand times and thereby bo 



sufficiently strong to produce an easily measur- 
able deflection of the needle of an ordinary 
electrometer. The apparatus employed is 
shown in Fig. 7. The detecting vessel con- 
sisted of a brass cylinder A, from 15 to 20 
cm. in length and 1'77 cm. in dianietor, with 
an insulated central electrode B connected 
to one pair of quadrants of an electrometer. 
The outside of the vessel was connected with 
the negative pole of a battery giving 1320 
volts. The tube D fitting into the ebonite 
plug C had a circular opening 1*5 mm. in 
diameter at one end, the opening being 
covered with a very thin sheet of mioa. The 
thickness of the mioa sheet was equivalent 
in stopping power of the a particle to about 
5 mm. of air at ordinary temperature and 
pressure. The glass vessel E, connected 
the detecting vessel as shown, was about 
460 cm. in length. The active matter was 
placed in this vessel in the form of a thin 
film of small surface area, and its distance 
from the aperture in D could be varied to any 
desired value. This vessel was exhausted to 
a low vacuum whilst the detecting vessel 

' Uutherforcl and Geiger, Roj/. Soc. Proo., 1008, A, 
Ixxxl. 141. 


contained carbon dioxide at a pressure of 
about 4 cm. When the ato2DCock P was 
closed no a particles passed into the chamber, 
and the steadiness of the electrometer needle 
could thus be tested at intervals during the 
experiment. On opening the stojicock a small 
fraction of the total number of a particles 
emitted by tho source i)as3ed through the 
aperture into the detecting vessel. The 
intensity of the source and its distance from 
tho aiDerturo wore adjusted so that three to five 
a particles entered the chamber j'ler minute. 
A ballistic throw of tho electrometer marked 
the entrance of an a iiarticlo into tho chamber. 

If Q be tho number of a ]:)articlos expelled 
per second from the source at a distance r 
from the aperture of area A, then, since a 
particles are on tho average projected equally 
in all dii’cctions, tho number {??.) of a iiarticlos 
entering tho detecting vessel per second is 
given by n=:QA/47rrK This expression holds 
so long as each portion of tho active source 
can fire particles through tho aperture. 

By this method Rutherford and Geiger 
■found that 3-67 x 101“ ^ jmrticlos wore expelled 
per second from one gramme of radium itself. 
It is also known that tho same number of a 
particles is omitted jmr second from one gramme 
of radium itself and from each of the next 
throe a-ray products in equilibrium with it. 
So that the number of a particles expelled 
per second from one gramme of radium in 
equilibrium with its products is 14-3 x IQi®. 

Tho above method was modified later by 
tho use of a string electrometer, tho movements 
of whoso quartz fibre could bo jihotographioally 
recorded on a moving film. In tliis way it 
was possible to detect with certainty tho effect 
1 of each a ])artiolo even when 1000 particles 



Fio. S. 


entered the detecting chamber per minute. 
The first method was nob accurate when more 
than ton particles entered the chamber per 
minute. The records obtained in this way 
are shown in Fig. 8. 

Kovarik ® has devised a method by which 
tho a particles are recorded by a pen on a 
moving strip of paper. Tho ionisation current 
produced by tho a particle ip magnified by a 
throe-valve audion amplifier. Tho magnified 
current is used to operate a very sensitive 
relay, which in turn operates a local battery 
circuit accentuating the pen on a chronograph, 
» Kovarik, Pbi/s. Rev., 1910. xill. 272. 
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The sensitive relay operates on a fraction of 
a milliampere. The method is also applicable 
to /3, 7 , and X rays. 

(v.) Ratio oj the Charge to the Mass of the 
a Particle . — The ratio of the charge to the m ,q. ss 
of the a particle can be determined by measur- 
ing the deflections produced respectively in a 
magnetic and in air electric field. It can be 
shown that the path of a particle of mass m 
moving with velocity v and carrying a charge 
e will have a curvature p given by the relation 



( 7 ) 


where H is the strength of the magnetic field. 
Similarly, when it moves through an electro- 
static field produced between two parallel 
plates whose difference of potential is V, 

2V mv^' • • • • (^) 

These two equations enable the values of e/m 
and V to be determined. Rutherford ^ found 
by this method that the value of e/m for the 
a particle was 5070. From theoretical con- 
siderations it can be deduced that the value 
of the ratio of the charge to the mass of the 
hydrogen atom should be 9647, which is 
approximately twice that for the a particle. 
These results may be explained if we assume 
either that the a particle is a hydrogen molecule 
or an atom of weight 2 carrying a unit positive 
charge, or that it is a helium atom (atomic 
weight 4) carrjdng two positive charges. To 
decide between these two alternatives Ruther- 
ford and Geiger undertook an accurate 
measurement of the charge carried by the a 
particle. 

(vi. ) Charge carried by a Particle . — From the 
knowledge of the number of a particles emitted 
by a given product and the total charge 
carried by these particles, it is possible to 
deduce the charge carried by a single a particle. 
The measurement of the charge is, however, 
made more difficult on account of the fact 
discovered by J. J. Thomson, that emission 
of a, particles is accompanied by the emission 
of negatively charged particles, which he 
termed 5 rays. These particles are always 
emitted when a particles fall on any object. 
To determine the charge of the a particle 
the delta rays had to be removed, and this was 
done by Rutherford and Geiger ^ by placing 
the radioactive material in a strong magnetic 
field. The delta particles, which move at low 
velocities, are thus bent round and return 
bade to the surface which emits them. In 
this way it was found that the charge carried 
by the a particle was 9-3 x lO"^” e.s.u. The 
value of the ionic charge had previously been 


^ Rutherford, Phil. Mag., 1906, xii. 348. 

“ Rutherford and Geiger, Roy. Soc. Proc., 1908, A, 
Ixxxi. 162. 


found to be about half this value (the value 
of the ionic charge at present accepted is 
4-77 X 10"^® e.s.u,), so that the a jrarticle carried 
two unit positive charges. 

(vii.) Nature of the a Particle . — Evidence 
so far accumulated pointed to the conclusion 
that the a particle was a helium atom carrying 
two unit positive charges. The following 
experiment carried out by Rutherford and 
Royds ® confirmed this. 

A quantity of emanation was compressed 
into a thin-walled glass tube A which was 
surrounded by a vacuum jacket T {Fig. 9). 
The thickness of the wall was less than 0-01 
mm. This was strong enough to withstand 
atmospheric pressure, and the a 
particles readily passed through it, 
as was shown by the scintillations 
on a zinc sulphide screen held near 
the tube. The gases in the tube 
T could be compressed into the 
spectrum tube S by means of the 
mercury column BL ; 
the colour of the dis- 
charge through this 
tube was then ex- 
amined spectro- 
scopically. Two days 
after the emanation 
was introduced into 
the tube, the spec- 
trum showed the 
yellow line of helium, 
and in six days’ 
time the whole 

helium spectrum was observed. To show that 
the helium was not derived by diffusion from 
the inner tube, the emanation was removed 
and helium substituted. No trace of helium 
could be detected in the outer tube after 
standing for several days, so that the helium 
in the first instance must have originated 
from the a particles which had passed through 
the glass wall of the emanation tube. 

There is therefore no doubt that the a 
particle is a helium atom carrying two positive 
charges or, in other words, it is a helium atom 
which has lost two electrons. When its charge 
is neutralised the a particle becomes a normal 
helium atom. 

§ (12) Hydrogen Particles. — Before leav- 
ing the a particle a brief reference will be made 
to the recent work of Rutherford, who has 
made a close quantitative study of the effect 
on an a particle of its passage through atoms 
of matter. Bragg had shown that the a 
particles pass straight through the atoms of 
matter in their path ; this is undoubtedly 
the case with the majority of the a particles 
in the stream ; but there are- exceptions, in 
which cases the a particle suffers large 
deflections. This “ occasional large-angle 
® Rutherford and Royds, Phil. Mag., 1909, xvil. 281. 
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scattering ” is to be distinguished from the 
very slight deviations in different directions 
according to the laws of probability which 
later more detailed examination has shown 
to happen to the a particle as it traverses 
matter. These facts point to the conclusion 
that the central nucleus of the atom is very 
small, but however small it is an occasional 
a particle is certain to strike it absolutely 
“ head on.” It is these occasional close 
encounters that have been examined by 
Rutherford.^ When such a collision takes 
place between the a particle and the nucleus 
of a heavy atom, the former will either bo 
violently swung out of its path if the collision 
is not absolutely “ head on,” or repelled the 
way it came almost at its original velocity if 
it is “ head on.” 

When, however, a “ head-on ” collision takes 
place between the a particle and the nucleus 
of a lighter atom — for example, atoms of 
hydrogen— -then, in this case, the hydrogen 
atom would be propelled in the same direction 
as that of the a particle with a velocity far 
greater than the velocity of the original 
particle, and it would consequently travel 
a greater distance in hydrogen gas than the 
a particle before it is stopjjod. This was 
actually found to bo the case in hydrogen. 
These high-velocity atoms were, for the sake 
of clearness, termed by Ruthorft)rd H-par- 
ticles. The same phenomenon was observed 
also in the case of oxygeii and nitrogen. In 
the case of nitrogen, liowevor, there wore 
observed in addition to the N-jiartiolo, whoso 
range was only slightly longer than that of 
the a particle itself, particles of long r&ngo 
and other characteristics exactly similar to 
the H-particles produced in hydrogen gas, 
one H-particle being observed for every twelve 
N-particles produced, which suggests tliat the 
nucleus of the nitrogen atom struck by an a 
particle is occasionally shattered by tlio 
collision and that hydrogen atoms are i)rc)duood 
from it. Later experiments carried out on 
those particles by subjecting them to the 
action of electric and magnetic fields proved 
that the H-particles generated in hydrogen 
and also in nitrogen consisted of hydrogen 
atoms, each carrying a single positive charge. 
The “ N-partioles ” and “ 0-partiolos ” wore, 
however, not singly charged atoms of nitrogen 
and oxygen respectively, but wore found to 
be identically the same and consisted of an 
entirely new particle of mass 3 carrying two 
positive charges. 

Hence a nitrogen atom coming into close 
nuclear collision with an a particle is shattered, 
yielding in some cases atoms of hydrogen of 
ihass 1 carrying a single positive charge, 
and in others atoms of a new kind of mass 

1 Rutherford, PJiil. Mag., 1919, xxxvil. 537; 
Roy. Soc. Pfoo., 1920, A, xcvH. 374. 



3 carrying a double positive charge. In tlio 
case of oxygen only atoms of the now kind 
of mass 3 are produced. 

§(13) /J Rays, (i.) General Praperliefi . — Tlio 
general properties of the rays arc identical 
with those of the cathode rays in a discharge 
tube. They are negatively charged particles 
or “ electrons ” projected at high velocities ; 
the velocity of a jd particle is far higher than 
that of the fastest known cathode ray, in some 
oases the velocity is almost indistinguishable 
from that of light. It is probable that the (d 
ray has its origin in the central ])ositivcly 
charged nucleus of the atom and, as in the 
case of the a particle, each disintegrating atom 
emits one fi particle only.^* 

The character of the [S rays is brought out 
very clearly in Strutt’s “ radium clock. A 
small quantity of radium salt is enclosed in 
the tube A, whose walls arc thick enough to 
absorb the a rays 10). Tliis is sus]iondod 
in an outer tube and insulated 
from it. A pair of gold leaves 
are attached to the bottom 
of the tube A and are in 
metallic connection with the 
radium. If the outer tube is 
higlily exhausted, the ratlium 
becomes positively charged 
owing to the loss of fi particles 
and the loaves diverge. If the 
vacuum is high several lumdrod 
volts may be reached before 
the loss of cliargo through the insulator and 
g!is balances the rate of supjily. In onc^ form 
of the instrument, two ])late electrode's J1 and 
G are sealed into the glass bulb, one on either 
side of the loaves and both counectod to 
earth. These servo to discharge the leaves 
after a certain divergence has boon reac-hod. 
The charging and discharging of the loaves 
will in tills way go on iudcfinitely. 

(ii.) Magnelic. Hpe(irun>.—{i rays are readily 
bout by comparatively weak magnetic fields, 
and, since they carry a negative charge, the 
deflection is in the o|)poHito direction to that 
produced in the ease of the a rays. If all the 
/S rays in a beam omitted by a radioactive 
body wore travelling at the same velocity, 
the doflootion protluccd by the magnetic field 
would bo the same for each I’ay; this, how- 
ever, is never found to be the case, so that 
the |9 particles are not exjiollcd from the radio- 
active body all with the same velocity. In 
some oases the magnetic spootrum is con- 
tinuous, in other oases there are distinct linos 
in the spectrum showing that there are 
present in the beam groups of rays of definite 
velocity. 

An example of the spectrum of tho fl 
particles omitted hy tho active deposit of 

” Moseley. Ron, Sor. Proe., 1912, A, IxxxvU. 230. 

» Strutt, Phil. Mag., 1903, vl. 588. 
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radium, photographed by Rutherford, is 
shown in Fig. 11. The rays, after passing 
through a narrow slit, fell on a photographic 
plate placed at an angle of about 45° with 
the horizontal. The central line is due mainly 
to the a rays ; the ^ rays show on both sides 
of this Une because the magnetic field was 
reversed during the experiment. The fines 
in some cases are very numerous ; for instance, 
48 lines for radium G have 
been observed with veloci- 
ties ranging up to 0-986 of 
the velocity of light. It is 
possible, however, that the 
initial energy of each a 
particle from a single radio- 
element is the same. The 
particle has its origin in the 
nucleus, and it has to pass 
through successive rings of 
electrons surrounding the 
nucleus before it leaves the 
atom. In this process energy 
may be lost in quanta, and 
there is evidence to show 
that this is actually the 
case. The energy lost in 
this way reappears again as 
7 ray energy. 

(iii.) Absorption of jS Rays by Matter . — The 
absorption of )3 rays is investigated by placing 
tliin sheets of the absorbing material in the 
path of the rays and measuiing the activity 
through different thicknesses. 

It is found that the absorp- 
tion of the rays follows an 
exponential law, that is, if I,, is 
the activity when no absorbing 
materia] is interposed and I the 
activity when the rays pass 
through a thickness d, then 

. , (9) 

where y is known as the co- 
efficient of absorption of the 
rays in the absorbing material. 

The absorption coefficients of 
the ^ rays from uranium X in 
aluminium, copper, and lead are 
14 cm."’^, 66 cm."^ and 103 om."^ respectively. 

Since the rays are absorbed according to 
an exponential law, then each, equal suc- 
cessive thickness of material interposed pro- 
duces the same percentage reduction in the 
radiation remaining after traversing the pre- 
vious layers. It was initially thought that this 
exponential law of absoriDtion was a proof that 
all the rays travelled with the same velocity 
— that is, that the beam was homogeneous. 
Wilson ^ showed, however, that this was no test 
for homogeneity of the rays. The experiments 

^ W. Wilson, Roy. Soc. Proe., 1909, A, Ixxxli. 
612. 


of Von Baeyer, Hahn, and Meitner ^ also 
showed that ^ rays which obey the exponential 
law of absorption were divided into groups 
of different velocities when subjected to a 
magnetic field. When the differences of 
velocities of the groups are large, then the 
law of absorption is no longer exponential. 

To obtain the true value of the absorption 
coefficient of /3 rays it is necessary to work 
with preparations, such as 
active deposits, that can be 
obtained free from other 
matter, in the form of very 
thin films in which the 
absorption of the ^ rays is 
negligible. The ^ rays start- 
ing from the surface of a 
layer of uranium oxide, for 
instance, will have a higher 
velocity than those that come 
from beneath the surface. 
The effect on the emission 
of /3 particles from different 
thicknesses of uranium oxide 
is shown in Fig. 12. The 
ionisation is proportional to 
the thickness for thin layers, 
but as the thickness becomes 
greater it increases less 
rapidly, ultimately reaching a steady value, 
m which case the radiation from the 
lower layers is completely absorbed by 
the active material in the upper layers. 

The curve gives sufficient 
data to calculate the ab- 
sorption coefficient of the )5 
rays in the uranium oxide 
itself. Considering a thin 
layer of thickness dx at a 
distance x below the surface 
of the active material, we 
have 

dl = IflC ~ . (10) 

where dl is the amormt of 
radiation entering the measur- 
ing vessel from the layer dx 
of active material. Hence the 
total amount of radiation 
emitted by a layer of finite thickness d is 
given by the expression 

Ia=Io . ( 11 ) 

Jo P 

As the thickness of the layer increases, this 
tends to the value Igjp., which is a constant, 
Ifl being the intensity of the radiation emitted 
by a very thin layer of the active material, in 
which case there would be no absorption, and 
fi is the absorption coefficient of the radiation 

* Von Baeyer, Hahn, and Meitner, Rhys. Zeits., 
1911, xii. 273 and 378 ; 1912, ill. 204. 
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in the material. Indicating the steady value ' 
of the intensity by loo, then 

I<j = Ioo(l-e-'^‘^). . . (12) 

The value of the coefficient of absorption of 
the uranium oxide for the rays can be 
calculabed from this expression by substituting 
the values of and loo obtained from the 
curve. 

(iv.) Scattered /3 Rays . — ^When rays fall on 
a layer of matter, part of the radiation is 
absorbed and part is scattered. This scattered 
radiation is identical in type with the primary 
p rays, but is always of less average penetrating 
power than the latter. Its amount increases 
as the atomic weight of the radiator increases. 
Kovarik and Wilson ^ have also shown that 
the amount of scattered radiation from 
different materials increases with the velocity 
of the rays up bo a certain point and after- 
wards decreases. The above results apply to 
thick layers of material in which a considerable 
amount of absorption takes jrlace. In order 
to be able to compare experimental results 
with any theory of scattering, it is desirable 
to do away with appreciable absorption and 
consequently to use very thin layers of 
scattering material. Two theories of scattering 
have been put forward, the one by J. J. 
Thomson ^ and the other by Rutherford.® On 
the former theory the scattering is supijoscd 
to be duo to the chance combination of a 
multitude of successive minute deflections. 
The § particle as it encounters one atom 
after another in its passage through matter 
is deflected in different directions, but the 
average value of this deflection over a very 
large number of encounters will be a finite 
quantity. If is the average deflection duo 
to each encounter with an atom, it can be 
shown that the moan deflection after n en- 
counters is d sjn. Hence, if the rays pass 
through a plate of thickness t containing N 
atoms of radius b per unit volume, the 
average deflection which they experience is 

es/mfbW ■ 

Rutherford, on the other hand, assumes 
that a moving electrified particle can bo 
deflected through a large angle by a single 
atomic encounter, and he attributes the main 
features of the scattering of i)articles when 
they pass through thin layers of matter to 
this single scattering. The two theories differ 
also as to the constitution of the atom — in 
the former the atom is supposed to be con- 
stituted of No electrons accompanied by an 
equal quantity of positive electricity, the latter 
being distributed with uniform volume density 

* Kovarik and Wilson, Phil. Mag., 1910, xx. 800. 

“ J. J. Thomson, Camh. Phil. Soc. Prnc., 1010, xv. 
465. 

“ Rutherford, Phil. Mag., 1911, xxl. 609. 


throughout a sphere whoso volume is equal 
to that of the atom ; whilst in the latter the 
atom is imagined to consist of a central 
positive nucleus carrying a charge -l-N„e 
surrounded by N^ electrons carrying altogether 
a negative charge equal to the positive charge 
on the nucleus. 

When the layer of scattering material is so 
thin that there is no absorption of the radia- 
tion, both theories lead to constant values for 
the fractions and rmt^j ijtg, where <p is 

any particular mean deflection, tg the thickness 
of material required to cut the radiation down 
to half value, and the energy of the [3 

particle. The actual values of the constants 
are different, however, on the two theories, 
and consequently the values of the number of 
electrons in the atom which can be deduced 
from the value of </>/ Jtg will differ in the two 
cases. 

The experiments of Crowther * on the 
scattering of rays by very thin sheets of 
different materials showed that the fractious 
(pj s/to a-nd mu^I sjtg were both constant in 
accordance with theory. Calculating the 
number of electrons in atoms of the metals 
Al, Cu, Ag, and Pt, which were employed in 
the investigation, the results based on Ruther- 
ford’s theory agree more closely with the 
number of electrons per atom as determined 
by X rays than do those based on Thomson’s 
theory. 

§ (14) 7 Rays, (i.) General Properties . — 
One of tlio chief characteristics of tlieso rays 
is their groat penetrative power. It is possible 
by moans of the elootrosoopo to detect the 
7 radiation emitted by 30 milligrammes of 
radium after it has i)a88cd through 30 cm. of 
iron. The y rays are always found associated 
with |3 rays, and they are omitted in large 
amounts only from those radioactive bodies 
that omit penetrating fi rays. A beam of /3 
radiation falling on any substance gives rise 
to 7 radiation in the same way that a beam 
of cathode rays produces X rays. Just as X 
rays liberate oorj)usoular radiation when they 
fall on a substairco, so y radiation liberates 
/a particles, the only difference being in the 
velocity of the particle liberated. 

(ii.) Absorption of y Rays from Radium . — 
To measure the absorption f>f y rays in any 
substance it is necessary to eliminate the 
effect duo to the /i rays. The latter may bo 
removed either by deflecting them from the 
measuring apparatus by means of a magnetic 
field or by absorbing them, in a layer of matter 
of sufficient thickness. The latter method is 
the one usually adopted, a screen of lead 
3 mm. thick being sufficient to absorb almost 
completely the fi rays emitted by radium and 
its products. 

* Crowther, Pou. Soc. Proc., 1010, A, l.xxxlv. 226. 
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The ahsorption of the rays can he measured 
by means of an electroscope. Sheets of 
known thickness of the material investigated 
a.re placed in the beam, and from the knowledge 
of the deflection of the leaf with and without 
the absorbing material respectively in front 
of the electroscope the absorption coefficient of 
the material for the radiation 
can be calculated by means of 
the formula 

l = . . ( 13 ) 

where I and I,, are the in- 
tensities of the radiation enter- 
ing the electroscope with and 
without the absorbing screen, t 
the thickness of the screen, aird 
fi the coefficient of absorption. 

It is important that the 
walls of the electroscope are sufficiently 
thick to absorb jS radiation that may be 
excited by the radiation wMch falls on objects 
in the vicinity ; also the windows through 
which the gold leaf is viewed should be 
well shielded. The values of the absorption 
coefficient depend somewhat on the arrange- 
ment of the apparatus. The following figures 
for the absorption of j rays from radium in lead 
are due to Tuomikosld : ^ 


Tablb II 


Tluclciiesa of 
Imd in cm. 

Ionisation 

Currout. 

Tblcknoss of 
Lead in cm. 

lonifiatiou 

Current. 

0-3 

100 

7-0 

2-67 

1-0 

01 -G 

8-0 

1-02 

2-0 

33-1 

90 

100 

30 

19-9 

10-0 

003 

4-0 

11-7 

no 

0-39 

6-0 

1-01 

12-0 

• 0'30 

G-0 

4-2G 




The values of the absorption coefficients over 
the different thicknesses are given in the 
following table ; 


Table III 


Thickness of Lead in cm. 

ft cm.-‘. 

0-4- 1-0 

0-70 

10- 2-2 

0-68 

2-2- 5-4 

0-62 

5-4- 120 

0-60 


The absorption of y rays in various sub- 
stances shows that for substances whose 
densities lie between 2-6 and 8- 8 the absorption 
is very approximately proportional to the 
density. The value of the mass absorption 
coefficient (/x/p) is therefore constant over this 

^ Tuoinikoski, Phys. Zeits., 1909, x. 372. 


range of densities ; for other substances the 
densities of which do not lie within the above 
limits the value of fji.jp is greater. 

y rays from different radioactive products 
have different penetrating power. The rela- 
tive values of the absorption coefficients are 
given in the following table : ® 


The rays from thorium D are more penetrating, 
while the rays from mesothorium 2 and uranium 
X are slightly less peiretrating than the rays 
from radium C. 

(iii.) Scattered y Radiation. — In addition to 
the production of ^ rays, y rays in traversing 
matter give rise to a scattered radiation of the 
y type. The amount of this scattered radia- 
tion appearing on the emergent side of a 
radiator is always much greater than that on 
the incident side. This asymmetry in the 
distribution of the radiation is also observed 
with X rays, but the effect is not so marked as 
with y rays. Florance ® found that the quality 
of the scattered radiation varied at different 
angles with the direction of the primary beam, 
the radiation scattered through a large angle 
being much more easily absorbed than the 
primary y rays. The scattered radiation appear- 
ing on the side of incidence is also softer than 
that on the emergent side of the radiator. 

(iv.) Nature of y Rays. — There has been a good 
deal of controversy as to the nature of y rays, 
but recent experiments on the diffraction of 
the rays have definitely proved that the rays 
are of the same nature as X rays, i.e. aetherial 
pulses, the only difference being that the wave- 
length of y radiation is much shorter than that 
of X radiation. 

Rutherford and Richardson * showed that 
radium C emits one and radium B two types 
of 7 radiation, each of which is exponentially 
absorbed in aluminium. These radiations 
were carefully examined by Rutherford and 
Andrade ® by reflecting them at a face of rock 
salt crystal. The source of radiation was a 
thin-walled a ray tube containing about 100 
millicuries of emanation in equilibrium with 
its products A, B, and C. A diverging cone 

’ Russell and Sodcly, Phil. 3faff., 1911, x,\l. 130. 

“ Florance, ibid., 1910, xx. 021. 

* Rutherford and Richardson, ibid., 1913, xxv. 
722. 

' Rutherford and Andrade, ibid., 1914, xxvii, 
854; xxvlii. 203. 


Table IV 


AUsorUlng Screen. 

y Raya from 

Radium 0. 

Thorium D. 

Mesothorium 2. 

Uranium X. 

Lead 

10 

0-924 

1-24 

1-46 

Zinc .... 

1-0 

0-82 

1-00 

1-18 

Paraffin wax 

1-0 

0-78 

1-2G 

1-08 
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of rays fell on the crystal face, and the 
distriWtion of the reflected radiation was 
examined by the impression produced on a 
photographic plate placed 10 cm. from the 
centre of the crystal. 

The spectrum of the 7 radiation from Ra B 
was found to consist of 21 lines having wave- 
lengths ranging from 0-793 x 10"® cm. to 
1-365 X 10"® cm., the two strongest lines being 
reflected from the (100) face of rock salt at the 
angles 12°-05 and 10°-05, and therefore having 
wave-lengths 1-176 x 10"® cm. and 0-983 x 10"® 
cm. 

Tlie wave-lengths of the penetrating y radia- 
tion from Radium C were found to range from 
0-71 X 10"® cm. to 1-96 x 10"® cm. 

§ (15) Various Effects produced by the 
Radiations. — It has already been pointed out 
that the radiations ionise gases through which 
they pass and, in consequence, make them 
temporarily conductors. This is effectively 
demonstrated by bringing a little radium near 
the secondary terminals of an induction coil. 
If the two terminals are so separated that a 
spark just does not pass between them when 
the coil is running, by bringing some radium 
near the gap the spark will readily pass. This 
property of the radiation from radium is made 
use of when it is desired, dui-ing the course of 
an investigation, to prevent electric charges 
accumulating on the surfaces of different parts 
of the apparatus. 

The salts of radium are all luminous in the 
dark, and the radiations produce marked 
luminescence in certain salts (see article on 
“ Radium ”). Certain bodies after exposure 
to the radiations become luminous when they 
are heated to a temperature much below that 
required to produce incandescence. Eluor- 
spar and kunzite possess this property of 
thermo - luminescence to a marked degree. 
These substances are able to store the energy 
which they take up for a long period of time. 
The explanation suggested for this effect is that 
the rays cause chemical changes which are 
permanent until heat is applied which releases 
in the form of visible light the energy absorbed. 

Glass exposed to the radiations for some 
time becomes coloured, soda glass is coloured a 
deep violet, and after a long period under the 
influence of the rays it becomes almost black. 
Other glasses are coloured yellow and brown 
under the action of the rays. This coloration 
is produced by all three types of radiation ; 
that due to the a Tays extends only a short 
distance corresponding to the range of the a 
particles in the glass, whilst that due to the 
13 and 7 rays extends throughout the whole of 
the glass. Mica plates acquire a brown or a 
black colour under the action of a rays. It 
had long been observed that certain kinds of 
mica contained small coloured areas whose 
sections were always circular and in whose 


centre there was usually a minute crystal of 
foreign matter. Under the action of jiolarised 
light these exhibited the jiroperty of pleo- 
chroism, and for this reason were called 
“ pleochroic halos.” Joly ^ found that the 
nucleus of these areas was radioactive and 
that the coloration was due to the a rays 
expelled from this nucleus. The halos ex- 
hibit a w-ell-marked structure clearly shown in 
Ety. 13, which is a micro -photograph or a 
halo whose nucleus is 
a uranium mineral.® 

The central dark area 
is produced by the 
collective action of all 
the a paiticles emitted 
by the nucleus, and 
the boundary of it 
defines the range of 
the a particles from 
radium itself. The 
next dark edge corre- 
sponds to the range of the swifter a particles 
from radium A, and the edge of tho outer 
ling to the range of tho a particles from 
radium C. It is possible to find in the mica 
halos in various stages of development. In 
some may be found only the central “ puiiil,” 
0-013 mm. in radius corresponding to the 
range of the slower a particles from radium, 
but in more developed cases an outer ring 
always ajipears whose radius is 0-03 mm. 
corresponding to tho range in mica of tho a 
particles from radium C. Other halos have 
different diameters, and it is xiossiblo t(j decide 
from the diameter of the halo whether tho 
nucleus contains uranium or thorium mineral. 
The fastest a particle omitted in tho thorium 
series would travel a distance of 0-038 mm. in 
mica, and it was found on examination that 
lialos of this dimension were obtained when tho 
nucleus consisted of thoxium mineral. 

It has been estimated that the number of a 
particles emitted by the nuclei of those halos 
is of the order of 100 per year. The effect of 
this expulsion on tho mica would, bo infinitesi- 
mal over a short period, so that it has prob- 
ably taken several hundred million years to 
produce tho actual halos that have been 
observed. 

Tho action of a rays on photographic films 
examined by Kinoshita and Ikouti ® are of 
interest in this connection. A sowing needle 
carrying at its point a minute trace of radium 
active deposit was employed as a source of a 
rays. After the point of tho needle had boon 
in contact with tho photographic plate for a 
short time, the plate was developed and a 
fine spot became visible to tho naked eye. 
Under the microscope this spot was found to 

' .Toly, PM. Mag., 1007, xiii. 381. • 

“ .Toly and Fletcher, ibid., 1010, xix. 030. 

“ Kinoshita and Ikeuti, ibid., 1015, xxix. 420. 
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consist of a multitude of radial trails of silver 
grains around a circular dark nucleus. Halos 
were also observed and were shown to be pro- 
duced by a process similar to that of the 
pleochroic halos. 

Another important effect of the radiations is 
the decomposition of water. This is brought 
about by all three types, but the effect due to 
the a rays is much greater than that due to the 
^ and 7 rays. The effect is probably due to 
the ionisation of the water molecule, which is 
accompanied by the chemical dissociation of 
the molecule with the liberation of hydrogen 
and oxygen. Hence it is important, when 
sealing radium in tubes, to see that the salt 
is dry, otherwise in the course of time the press- 
ure of the evolved gases inside the tube may 
become so great as to burst it. 

§ (16) The Emanations. — Rutherford ^ 
found that thorium emitted, in addition to the 
radiations, a radioactive gas which he called 
the emanation. The amount given oS is 
exceedingly small, but the ionisation produced 
by it is sufficiently large to be readily measured 
by means of an electroscope. The emanation 
can be carried away from the neighbourhood of 
the substance emitting it by a current of air, 
and its activity will not suffer appreciable loss 
when it is passed through a plug of cotton- wool 
or bubbled through solutions on its way to the 
measuring apparatus. 

Shortly after the discovery of thorium 
emanation, both radium and actinium were 
found to give off emanations. The activity of 
each of the emanations decays according to an 
exponential law with time. Actinium and 
thorium emanations are short-lived, their half- 
value periods being 3-9 seconds and 54 seconds 
respectively, and on this account it is difficult 
to remove them quickly enough from solution 
before they disintegrate. Radium emanation, 
on the other hand, has a half- value period of 
3-85 days, and practically the whole of it 
can be removed by passing a stream of gas 
through, by exhausting, or by boiling the 
solution. 

Solid preparations differ enormously in the 
readiness with which they part -with their 
emanation. In the case of thorium the best 
emanators are the hydroxide and the carbonate. 
After ignition to oxide the emanating power is 
greatly reduced. The higher the temperature 
of ignition the greater is this reduction, until 
after ignition at a white heat the emanating 
power may be reduced to a small fraction (a 
fewper cent) of that of the unignited compound. 
The nitrate, oxalate and sulphate are all poor 
emanators. In the case of radium, the brom- 
ide is a better emanator than the chloride. 
From the sulphate and, to a less extent, the 
carbonate, very little emanation escapes in the 
solid. It has been found, however, that the 
> Rutherford, Phil. Mag., 1900, xlix. 1. 


same compounds may exhibit in this respect a 
marked variation in behaviour. 

Hence if the radioactive substance is required 
to retain its emanation in the open it is best in 
the case of radium to keep it as sulphate, and 
in the case of the other two radio-elements in 
the form of highly ignited oxides. If the 
emanation is required, the radioactive material 
is best kept in solution. 

All the three emanations have distinct 
chemical and physical properties ; they have 
characteristic bright hne spectra, they are also 
chemically inert, and in consequence they are 
classed with the argon-helium group of the 
periodic table. They also all emit a particles 
and can be condensed at liquid air temperature. 

§ (17) Radium Emanation. — If a solution of 
radium is kept in a sealed flask, the emanation 
steadily accumulates with time, reaching the 
equilibrium value in about a month’s time. 
Oxygen and hydrogen are at the same time 
evolved owing to the decomposition of the 
water by the radium. On exploding the gases, 
a slight excess of hydrogen remains with the 
emanation. The hydrogen can be removed by 
passing the mixture into a bulb immersed in 
liquid air, where the emanation will be con- 
densed and the hydrogen together with any 
helium produced by the emanation can then 
be pumped off. The liquid boils at about 
- 62° C. at ordinary atmospheric pressure and 
the solid melts at about - 71° C. The liquid 
emanation is colourless and transparent, 
whereas the solid is opaque and glows with 
great brilliancy and is of a steel-blue colour. 
As the temperature is still further lowered, the 
colour changes to yellow and becomes a 
brilliant orange red at the temperature of 
liquid air. 

The volume of emanation at normal tem- 
perature and pressure, in equilibrium with 
1 gram of radium, is found by experiment to 
be 0-62 cubic mm. This is also the value 
calculated on the assumption that the emana- 
tion molecule consists of single atoms, so that 
the agreement between theory and experiment 
directly proves the monatomic nature of the 
molecule. The atomic weight of radium 
emanation is 222-0, four units less than that 
of its parent, radium, which has lost an a 
particle in the process of disintegration. 

Radium emanation is soluble in water, the 
coefficient of solubility being about 0-3 at 
ordinary temperature and 0-12 at 80° C. It is 
more soluble in petroleum and toluene, the 
solubility coefficients being 9-6 and 1T7 
respectively at ordinary temperature. 

§ (18) Active Depo.sits. — Bodies which have 
been exposed for some time to the emanations 
from radium, thorium, and actinium acquire a 
temporary activity of their own, owing to the 
deposition of active matter on their surfaces. 
This “ active deposit ” consists of the dis- 
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integration products of the emanation, which, 
in each case, are non-volatile at ordinary tem- 
peratures and have a relatively short period of 
hfe. When the emanations are allowed to 
decay in a strong electric field Rutherford 
found that the activity was confined entirely to 
the negative electrode, which indicates that 
the carriers' of the active material must be 
positively charged. Owing to the fact that 
these products are produced from the emana- 
tion by the expulsion of a particles, it would 
be expected that the active deposit would be 
negatively charged. This apparent anomaly 
may be explained as follows. The atom 
emitting the a particle recoils and collides rvith 
the gas molecules in its path. During these 
collisions negative electrons are shaken out 
of the recoiling atom, which in consequence 
acquires a positive charge. Evidence in sup- 
port of this view is the fact that a particles 
emitted by an active material are accompanied 
by a large number of 5 particles which, as we 
have already seen, are slow speed negative 
electrons. 

The active deposit may be concentrated and 
collected on a metal surface or a wire by making 
the latter the negative electrode inside a metal 
vessel containing the emanation, the vessel 
itself being connected to the positive pole of 
the source of potential. The potential gradient 
necessary to concentrate the whole of the 
active deposit on the negative electrode varies 
according to circumstances. It will, in general, 
be the same as that necessary to produce 
“ saturation ” of the ionisation current through 
the gas under the conditions of experiment. 
Higher potential gradients than 50 volts per 
centimetre are seldom necessary except in the 
case of intensely radioactive preparations or 
when the area of the surface to be covered 
with the deposit is very small. 

To collect thorium and actinium active 
deposits the arrangements shown in Fig. 14 are 
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convenient for concentrating the deposits on a 
wire and on a plate respectively. The active 
material is placed in a shallow dish in each 
case, and the emanation escaping from it 
allowed to diffuse into the vessel. As it decays 
it produces active deposit which is driven by 
the electric field to the cathode, a^ivire in the 
one case and a plate in the other. To obtain 


the maximum activity the surfaces sliould be 
exposed for three hours in the case of 5,ctinium 
and three days in the case of thorium. It 
is, of course, advisable to use the salts that 
are the best emanators in each case. It is 
also an advantage to keep the salt slightly 
damp. 

The above arrangements are not suitable 
in the case of radium on account of the long 
life of the emanation and its tendency to 
remain occluded in the radium salt. In this 
case the radium salt is dissolved in hydro- 
chloric acid. The solution is placed in a 
stoppered bottle and kept positively charged 
by means of a wire which dips into it. The 
surface to be coated with active deposit is 
suspended above the solution in the bottle 
and is charged negatively. An exposure of 
three hours suffices to collect the maximum 
amount of active deposit. 

In dealing with large quantities of radium 
the above method is unsuitable, because the 
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Fig. 16. 


stopper has to be removed when the surface 
to be coated is inserted into the bottle, with 
the result that an aj)preciable amount of 
emanation is lost. Also part of the emanation 
remains in solution and does not contribute 
to the activation of the surface. The follow- 
ing method, which diminishes the risk of any 
loss and makes the best 
use of the radium, is 
always employed when 
large quantities of radium 
are dealt with (Fig. 15). 

The emanation is first 
of all collected over mer- 
cury in the glass tube A. 

This is then introduced 
into the mercury reservoir 
M. The wire w which is 
to be coated with active 
deposit is sealed into the 
bent glass tube T and is 
connected to the negative pole of tho 
battery. It is surrounded by an iron sheath 
E which fits the tube A and is in metallic 
contact with the mercury which is connected 
to the positive polo of the battery. It is 
advisable to use a high potential gradient in 
order to collect as much of the active material 
as possible — even 1000 volts per centimetre 
may be necessary in some cases. It is also 
preferable to use a platinum wire on which 
to collect the active deposit, as it is oftejir 
necessary to dissolve the latter in strong acid 
or to volatilise it by exposure to a high 
temperature. 

§ (19) Radioaotive Recoil. — Since tho 
mass of the a particle is equal to that of a 
helium atom (6-66 x 10““*** gm.), and it is ex- 
pelled at a high velocity from the atom, it 
possesses considerable momentum. At tho 
moment the a particle is expelled the residue 
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of the atom acquires aa equal and opposite 
momentum and recoils at a considerable 
velocity. The recoiling atom is, therefore, 
able to penetrate a certain thickness of matter 
before it is brought to rest, and may even 
leave the surface upon which the radioactive 
product is deposited and be concentrated on 
another surface by the application of an 
electric field. It is possible in this way to 
separate certain disintegration products from 
the parent atoms. 

Consider, ' for example, a surface made 
active by a shoit exposure to radium emana- 
tion. Immediately after removal from the 
emanation the activity is almost entirely due 
to radium A. An atom of radium A dis- 
integrates with the expulsion of an a j)article 
whose velocity is 1-77 x 10® cm. per second. 
The atomic weight of radium B — ^the residual 
part of an atom of radium A after the expulsion 
of an a particle — ^is 214, so that by the principle 
of momentum its velocity of recoil will be 
3-27 X 10’ cm. per second. An atom of radium 
B therefore leaves the active material with 
this velocity, but since its kinetic energy is 
small (compared with that of the a particle) 
it will be able to penetrate only a very small 
thickness of matter — ^it will be stopped by one- 
tenth of a millimetre of air at atmosi)heric 
pressure. A recoiling radium D atom from 
radium C has a “ range ” of 0-14 mm. in air 
at atmospheric pressure. Since the range of 
the recoil atoms is so short, it is necessary for 
successful separation by recoil to obtain the 
active material in the form of a thin uniform 
deposit on a carefully polished surface. This 
is supported in a good vacuum opposite to 
the surface on which it is desired to collect 
the recoil product, and connected to the 
positive pole of a battery. Almost all the 
recoil atoms moving away from the active 
plate, which is half the total number, may be 
■separated in this way. 

§ (20) Theory oe Shooessivb Transeorma- 
TIOHS. — ^A full description of the theory of 
successive transformations of radioactive 
matter will not be attempted here. A few 
simple cases only will be considered which 
will illustrate the application of the theory 
to practice. 1 

(i.) Decay of Thorium Active Deposit . — The 
active deposit of thorium consists of the 
members of the thorium series included 
below thorium emanation in Table I., and of 
these only the first three need be taken into 
account when making a ray measurements. 
The products thorium A and thorium C emit 
a rays whilst thorium B emits soft /3 rays. 
Further the period of thorium A is only 0-2 
second, so that the active deposit after removal 
from the emanation will behave as if it con- 

^ See Malcower and Geiger, PraeKcal Measurements 
in Radioactivity, p. 80. 


sisted onl3'' of two substances, namely thorium 
B and thorium C. 

(a) Short Exposure to Emanation . — In this 
case the plate to be made active is exposed 
to the emanation for a few minutes and then 
removed. The plate is then transferred into 
an a-ray electroscope ; in the course of this 
transference^ unless it is carried out exceed- 
ingly rapidly, the thorium A is completely 
converted to thorium B. Assuming that the 
thorium A has aU changed into thorium B by 
the time observations are commenced, the 
activity of the deposit at the beginning is due 
entirely to /3 rays from thorium B, and con- 
sequently is very feeble. As the thorium B 
disintegrates with the production of thorium 
C, an a-ray product, the activity rapidly rises 
and reaches a maximum value in about four 
hours (see curve ABC, Fig. 16). It then 



Fig. 10. 


decreases and finally decays exponentially with 
the period of thorium B. 

The rate at which the activity varies with 
time can be calculated if it be assumed that the 
influence of thorium A is negligible and that 
initially there is only thorium B present. This 
product disintegrates in accordance with Table 
I., thorium B into thorium C, and thorium C 
into thorium D. 

Let P and Q be the number of atoms of 
the products B and C respectively present at 
a certain instant, then the rate of increase 
of thorium C will be given by the difference 
between the amount of thorium C produced 
by thorium B and the amount of thorium C 
disintegrating into thorium D. so that 

^=XiP-X,Q, . . •. (14) 

where X^ and Xj are the radioactive constants 
of B and C respectively, and P is given by 
the equation 

P = Poe-H . . . (15) 

where P^ is the initial number of atoms of 
thorium B present. The amount of thorium C 
present initially is zero, so that when f=0, 
Q = 0, and the solution of equation (14) may 
be shown to be 

Q = . [e - Xit _ e - Xst] . (16) 

A2 Aj 
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Tills equation should give the same curve as 
ABC in Fig. 16, when the correct values of 
and Xg are substituted in it. 

The experimental curve shows a maximum, 
and the time at which this maximum occurs, 
obtained from (16), is given by 





•log 


^2 


(17) 


The values of the radioactive constants Xj, 
and Xa may be deduced from the experimental 
curve ABC. The end portion BO of this 
curve follows a simple exponential law, the 
decay being governed by the jieriod of the 
product of longer life. Hence the value of 
one of the transformation constants is im- 
mediately obtained. From equation (16) the 
curve is made up of two exponentials. Extra- 
polating the curve BO back to zero and 
subtracting the experimental curve from it, 
another exponential curve is obtained, repre- 
sented in the flguro by curve EE. This gives 
the value of the second transformation con- 
stant. To decide to which product each of 
the constants is to bo assigned, it would be 
necessary to separate the two products and 
examine the rate of decay of activity for each 
sejiarately. 

The theory of a short exposure to actinium 
emanation is the same as that for thorium, 
but in this case the maximum occurs after 
nine minutes, and in consequence exposure to 
the emanation must not last for more than a 
fraction of a minute. 

{b) Long Exposure to Emanation . — It will 
be assumed here that the exposure is so long 
that the products have had time to reach a 
sbate of radioactive equilibrium. If be 
the number of atoms of thorium A deposited 
per second from the source, then 


^o~ ^1^0“ ^aQo” • • (1®) 

whore Pq, Qq, and Rp are the quantities of the 
products B, C, D present when equilibrium 
has been reached. 

Combining equation (18) with equations 
(14) and (15) we obtain the equation 



which gives the number of atoms of thorium 
C present at any time after the termination 
of the exposure. This curve is again made up 
of two exponentials, and the values of X^ and 
Xj may be deduced in a similar manner to 
that described above. 

It should be mentioned that the same 
activity curves would be obbained with thorium 
and actinium if the activity were measured by 
means of the /3 rays instead of the a rays as 
above. 

(ii.) Decay of the Active Deposit of Radium . — 
It will be observed from Table I. that the 


period of radium A is comparable with the 
periods of the i)roducts which follow it, and 
on this account the case of the decay of the 
active deposit of radium presents more diffi- 
culty than that of thorium or actinium. 

Supposing that there are P, Q, and R atoms 
of radium A, radium B, and radium C present 
at a certain time t, the amount of each will 
vary according to the following equations : 


dt 


-X,P, 




( 20 ) 


In the case of a short exposure to the emanation, 
when only radium A will have had time to bo 
deposited, Qp = Rp = 0, when f = 0, and the 
above equations become 


P=Poe~H 


R^Xj^XjPfl 




i-A,{ 


■( 21 ) 


two similar"! 

.(Xj-XjfXp-Xi)''' terms J-. 


In the case of a long exposure, the initial con- 
ditions, when tho' deposit is removed from the 
emanation, are 


whence 

P«Poe”H 


XjPq — X 2Q0 — XqRq, 


(22) 


Q ^ _ 


Q 

R“=Ro|^ 


e~ '^''^- 1 -. • e" 

Aj- X 2 


XaXgC I two similar 

(X 2 -Xi)(Xa-Xi) terms 


']’ (23) 

1 I 


Those equations enable tho numbers of atoms 
of radium A, radium B, and radium 0 present 
at any time after a short or a long exposure 
to bo calculated. 

Radium A and radium C both omit a rays, 
whilst radium B and radium C emit fi rays, 
and on this account tho activity curves will 
bo different according to whether tho a rays 
or tho /3 rays are employed for measuring 
the activity. 

The a-ray activity M is given by the equa- 
tion 

M^XiP + ^XpR, . . . (24) 

whore h is the ratio of the ionisation produced 
by an a particle from radium C to that produced 
by an a particle from radium A under similar 
conditions. Tho /3-ray activity N is given by 
the equation 

N==XjsQH-i!XaR, . . . (26) 

whore I is the ratio of the ionisation produced 
by a /3 particle from radium C to that produced 
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by a |3 particle from radium B. The theoreti- 
cal curves calculated from these equations, 
when appropriate values are inserted for the 
ratios h and I, are shown in Fig. 17 ; curves 



(1) and (2) show the variation, of a-ray activity 
of radium active deposit after a long and a 
short exposure respectively to the active 
material ; curves (3) and (4) the variation of 
the jS-ray activity of radium G only after a 
long and a short exposure to the activematerial. 
The curves do not give the relative magnitudes 
of the ionisation currents produced by the 
a and the /3 rays respectively. 

The above cases will sufiSce to show the 
usefulness of the theory to calculate the decay 
curves of radioactive products. A fuller ac- 
count of the theory and its application will be 
found in Rutherford’s Radioactive Substances 
and their Radiations. 

§ (21) Chemical Oharacteb. of the Radio- 
ELEMEHTS.^ — Each of the radio-elements ap- 
pearing in Table I. has distinct chemical as 
well as radioactive characteristics, and although 
many of the products are exceedingly short- 
lived their complete chemical properties have 
been unravelled. In some instances the radio- 
active product may be prepared “ chemically ” 
pure, in which case its properties may be 
examined by chemical methods similar to 
those adopted in the case of ordinary elements 
— radium salts were prepared by Madame 
Curie sufl&oiently pure to carry out an investi- 
gation on the atomic weight of radium. In 
other cases a product may be obtained “ radio- 
aotively ” pure, in which case it is entirely free 
from other radioactive material, but is mixed 
with a certain amount of inactive matter. 
This may be the case when a radioactive 
substance is separated by precipitating it in 
the presence of an element resembling it in 
chemical properties. Lastly, a product may 
be prepared “ radio-chemically ” pure, in 
which the radio-element may be mixed with 
a certain amount of inactive matter, but is 
free from substances chemically analogous to 
itself. Such is the case with a product 
prepared by the method of recoil or as active 
deposit. The inactive material present in 
the last two cases will not interfere with the 
detection and measurement of the radioactive 

^ See Soddy, The Ohemistry of the Eadio-elements, 
p. 43. 


substance, but it will absorb the radiation 
emitted, a correction for which can be apphed 
if necessary. 

The results of the purely chemical study of 
the radio-elements has led to the division of 
the elements into two main classes : 

(a) Those which possess distinct radioactive 
properties, but whose chemical characters are 
already completely Icnown ; and 

(b) Those which, in addition to possessing 
a characteristic and distinct radioactivity, are 
new in chemical properties. 

An instance of the first class is ionium. It 
resembles thorium more closely than any 
other member of .Group III. of the Periodic 
Table and is found to be chemically identical 
in properties with it. The radioactivity of 
ionium is quite unique and different from any 
other radio-element, but in its chemical nature 
it is not new. All its chemical properties may 
be inferred from those of thorium, which can 
be obtained in large quantities, whereas ionium 
itself occurs in infinitesimal quantities, and 
even then it cannot be obtained “ radio- 
chemically ” pure, because thorium is present 
in all the minerals from which it may be 
obtained. 

An instance of the second class is radium. 
It resembles barium very closely but not 
absolutely. In this case the chemical as well 
as the radioactive properties are unique, and 
• we have a new type of chemical element. 

§ (22) Position or Radio-elements in the 
Peeiodio Table. — It was pointed out by 
Soddy that the expulsion of an a particle 
caused a change in the position of a. radio- 
element in the periodic table by two places 
in the direction of diminishing mass. Fajans 
also drew attention to the fact that in a 
transformation involving the emission of jS 
rays the resulting product is more electro- 
negative than the parent substance. Further 
knowledge of the chemical properties of the 
radio-elements has led to a complete general- 
isation as to the relation of the position of the 
radio-element in the periodic system and the 
nature of the change in which it is produced. 
The generalisation was independently arrived 
at by Russell,® Fajans,® and Soddy,* and may 
be stated thus ; 

In an a-ray transformation the product falls 
into a group two places lower than that to 
which the parent substance belongs, whereas 
in a j3-ray transformation the product falls 
into a group one place higher than the parent 
substance. 

The resultant grouping of the radio - ele- 
ments is shown in Table V. It will be 
observed that the a-ray changes are far 
more numerous than the ^S-ray changes, and 

= Russell, Chem. Neios, 1913, evil. 49. 

^ Fajans, Phya. Zeits., 1913, xiv. 131 and 136. 

“ Soddy, Chem. News, 1913, evil. 97. 
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in consequence there is a movement from 
the right to the left extending over the last 
twelve places in the periodic table from 
uranium to thallium. The members in the 
vertical columns of the table are non-separable 
from one another and from the title element, 
except when this is enclosed within brackets. 
Thus uranium X^, ionium, radio-thorium, and 
radio -actinium are all chemically identical 
with thorium ; they belong to the first class 
mentioned above, all their chemical pro- 
perties being known “ by proxy.” To the 
second class of i-adio-elements belong, for 
example, mesothorium 1, thorium X, and 
actinium X, which are all chemically identical 


these elements ; such tests would only dis- 
tinguish between elements in different columns 
of the table, and consequently, would only 
pick out ten kinds of radio -elements, whereas 
radioactivity tests would show the existence 
of thirty-four, so that separate places in the 
periodic table do not correspond with single 
elements necessarily, but with single chemical 
types of elements. 

When uranium I loses an a pai’ticle with 
the production of uranium Xj, each atom of 
uranium X^ is deficient of two positive charges. 
Uranium X^ changes to uranium X^, and 
uranium Xj to uranium II, Avith the loss of a 
/3 particle in each case, which brings the charge 



with radium. Elements of the first class are 
similar to one or other of the last five elements 
in the periodic table, namely, uranium, thorium, 
bismuth, lead, and thallium. The members 
of the second class, which are new types of 
chemical elements, are identical with one or 
other of five new elements, namely, radium, 
polonium, actinium, the emanations, and 
“ eka-tantalum.” The chemistry of radium 
and the radium-emanation is completely known, 
and consequently all the other elements in 
the same column in the table are definitely 
known. Hence, apart from actinium, polon- 
ium, and “ eka-tantalum,” the chemistry of 
the whole of the radio-elements is known. 

§ (23) Isotopes. — Elements with identical 
chemical properties are called “ Isotopes,” 
thus radium B, radium D, thorium B, and 
actinium B are all isotopes of lead. Chemical 
tests would not be able to distinguish between 


on the atom to the same value as it had before 
any transformation took place. Uranium I 
and uranium II are identical in chemical 
character, and the net charge on the nucleus 
of each of the atoms is the same, but owing to 
the loss of an a particle in the transformation 
the masses of the atoms differ by four units. 
Hence it would appear that it is the net 
charge on the nucleus of the atom, and not its 
mass that determines its chemical properties. 

Since the expulsion of an a particle displaces 
the element two places in one direction and 
the expulsion of a /9 pai-ticle displaces it one 
place in the opposite direction, each of the 
successive places in the periodic table corre- 
sponds with unit difference in the not positive 
charge on the nucleus of the atom. The 
magnitude of the positive charge is now 
known to bo exactly equal to the number of 
the elem'ent in the periodic table when the 
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elements are arranged in order of atomic 
weight. This number is called the “ atomic 
number ” of the element. Thus the atomic 
number of hydrogen is 1, helium 2, etc., up 
to that of the last and heaviest atom of 
uranium Avith atomic number 92. 

Not only do the isotopic elements possess 
the same net nuclear positive charge and the 
same number of electrons in their external 
systems, and are chemically identical and 
inseparable ; their common purely physical 
characteristics, such as spectrum and vola- 
tility, are also found to be identical. 

It has recent^ been found that this pro- 
perty of isotopism of the elements occurs 
frequently amongst the elements. Aston ^ 
has found that neon, for instance, is a mixture 
of two isotopic gases of atomic weight 20-00 
and 22-00. Similarly chlorine contains no 
atoms of atomic weight 35-46, but consists 
of four isotopes with atomic weights 35-00, 
36-00, 37-00, and 38-00 respectively. Several 
other elements have been examined, the 
conclusion arrived at being that all the atomic 
weights, except that of hydrogen, are exact 
integers, and that the fractional values found 
for some of the elements are due to a mixture 
of two or more isotopes. 

§ (24) The End Product. — ^The ultimate 
products of all the disintegration series in all 
branches end in the same place in the periodic 
table, namely, the place occupied by lead. 
The atomic weight of ordinary lead is 207-2. 
According to theory, lead produced from 
uranium should have an atomic weight 206, 
and that from thorium an atomic weight 
208. Hence lead prepared from uranium 
minerals should have a lower atomic weight 
than that prepared from thorium minerals. 
Experiment “ has shown this to be the case ; 
the atomic weight of radio-lead from uranium 
minerals has been found to be 206-05, and 
that of radio-lead from thorium 207-9. Prob- 
ably ordinary lead is a mixture of these two 
isotopes. It has also been found by experi- 
ment that the densities of the different kinds 
of lead are different just in proportion to the 
differences in their atomic weight, hence their 
atomic volumes must be the same, which is 
to be expected if isotopic atoms have identical 
shells of electrons but nuclei of different 
masses. 
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RADIOLOGY 
I. Introductory 

§ (1) The Nature of X-rays. — The study of 
the X-rays ^ now occupies such a prominent 
position in physics and medicine, and has led 
to such momentous results in a variety of 
directions, that it is difficult to realise that it is 
only 25 years ago that the rays were discovered 
by Professor Rontgen, and that it was only just 
prior to the war that a long controversy as to 
their nature was stilled. 

The problem had attracted many minds, for 
the ability of the rays to pass through opaque 
bodies ivas wholly unprecedented. The ex- 
planation of the anomaly was obviously bound 
up with the nature of the rays, but, despite 
shrewd guesses, the secret was ivithheld from 
us for nearly 20 years. 

We now know that the X-rays are another 
manifestation of radiant energy, of which light 
and heat are familiar examples. Indeed, the 
X-rays resemble light rays in almost every 
particular, the chief difference being that the 
X-rays have wave-lengths about 5000 times 
shorter. It was this very minuteness of wave- 
length — a distance of the same order as the 
sizes of atoms — that defeated all our earlier 
attempts to direct and sort out the rays. All 
our highest quality polished surfaces are 
inconceivably rough for such a purpose, and 
it was not untd Nature herself was found to 
have provided an instrument of the requisite 
delicacy — in the shape of crystals which can 
function as diffraction gratings — that we 
began to analyse and sort out X-ray beams 
with much the same ease as in the case of 
visible Light. 

There are further parallelisms between X- 
rays and light rays. For example, we know 
that the spectrum of a hot body consists under 
suitable conditions of white light (which is a 
mixture of all wave-lengths), superposed on 
which are certain spectrum lines whose wave- 
lengths are characteristic of the radiating 
material, e.g. the D lines of sodium, the H and 
K lines of calcium. In just the same way an 
element when caused to emit X-rays not only 
gives out general radiation (which is a con- 
tinuous spectrum of wave-lengths) but under 
suitable conditions impresses its own charac- 
teristic lines — K, L, M — on the general 

“ See also “X-Eays,” Vol. II. 
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radiation. It should be added, however, that 
the X-ray spectrum of an element is much 
simpler than its light spectrum. 

Just about a single octave of light waves are 
visible to the eye. Their spectroscopic exam- 
ination has been conducted mainly with the 
diffraction grating, the distance between the 
rulings of which is comparable wth the wave- 
lengths to be measured. With the help of 
special gratings and vacuum spectrometers, 
Schumann, Lyman and Millikan have extended 
the measurements some 4 octaves onwards into 
the ultra-violet. Then comes a gap of 4 octaves 
of rays in a region not yet explored, and finally 
some 7 or 8 octaves of X- and gamma-rays, of 
which the radiologist uses about 3 octaves 
{Fig. 1). 

It is interesting to note that the gap between 
X-rays and ultra-violet rays has in a sense been 
already bridged, for Millikan has recently 
found the characteristic X-ray lines of carbon 
in the extreme ultra-violet region. 


wave is very high and we get a high-frequency 
or “hard” X-ray. If the change of speed is 
less, the frequency is less and we get a “ softer ” 
or less penetrating ray. With much slower 
electrons, light rays may be similarly produced. 
Always, however, we find that the frequency of 
the wave is proportional ^ to the energy change 
of the electron. There will be a proportion of 
encounters where the whole of the energy is 
transferred, and in these cases the fi-equency 
will reach an upper limit. Below this limit we 
find every variety of energy-content depend- 
ing on the energy of the electron involved. 

The reverse effect is equally true. If X-rays 
(or light rays) strike a substance they may 
give up all their energy to moving electrons, 
or they may give up only a part, the rest 
being transferred to a series of groups of rays, 
all characteristic of the atom of the material. 
The energy balance-sheet can be fully sot out, 
the several items all being definite and specific. 
The relation is not quite so simple as the 
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The study of this missing group of octaves 
bristles with interest and difficulties. It would 
seem as if a big absorption band were included ; 
at either end of the gap the vacuum spectro- 
meter is necessary. Moreover, it almost looks 
as if the grating method would fail us over this 
region. The wave-lengths are too small for 
our artificial gratings and too big for crystal 
gratings. We may have to wait for a now 
weapon of attack. 

Following is a shox-t table of some of the 
wave-lengths, in Angstrom units, i.e. 10- ® cm. : 


Visible light 
Ultra-violet light 
X-rays 
7 -raya 


. 7200-4000 

. 4000-200 
. 12 to 0-96 

14 to 0-01 


§ (2) X-BAYS AND EiiEOTRONS. — Experiment 
has shown the most intimate relationship 
between the X-ray and the electron — either is 
the manifestation of the other. The electron, 
the unit of negative electricity, is the active 
manifestation of the X - ray — innocuous in 
itself. Whenever an electron has its speed 
suddenly altered, an electromagnetic wave is 
produced. If the alteration of speed of the 
electron is very great the frequency of the 

VOL. rv 


general case, but the exchange and partition 
of energy are equally precise. 

The reversible process wc have just described 
is of universal ajxplication in Nature. There 
is, for example, little doubt that the X-rays 
play a prominent part in atmosphoxic elec- 
tricity. The earth is not an olcotrioally neutral 
body, but its surface may bo considered to be 
covered with a layer of negative electricity, and 
this gives rise to tin eleotrical field in the atmo- 
sphere. The rate of alteration of potential is 
found to decrease with the altitude ; the 
potential gradient being about 150 volts per 
metre on the ground and only about 2 volts per 
metro at a height of 9 kilometres — as we know 
by balloon tests. In other words, the atmo- 
spheric conductivity steadily increases the 
higher we go, and the rapidity of the increase 
suggests very largo values at greater heights. 

Some of this conductivity, we know, is duo 
to radio-active emanations from the soil, but 
we are led to infer from the increase of con- 
ductivity with height that the majority is 
due to some agent external to our globe. 
Modern opinion favours the view that the 
effect is produced by very high-speed electrons 
* See “ Quantum Theory,” § (3). 
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ejected from the sun with very nearly the 
speed of light itself. Some of these strilce the 
atoms of the outer atmosphere, very penetrat- 
ing X-rays are generated, and thus the whole 
depth of the atmosphere may be permeated 
by these electrons through the intermediary 
of their more penetrating alias the X-rays. 
Thus the earth’s negative charge which is 
being continually dissipated by the action of 
the potential gradient in the atmosphere is as 
steadily replenished by a current of electrons 
passing downwards. It may be added that 
the conductivity of the air diminishes at night 
and during a solar eclipse. 

. One is tempted also to believe that in view 
of the temperature and gigantic electrical 
disturbances in the sun — as Hale’s work has 
shown and Eddington’s speculations would ' 
indicate — there may be an emission of X-rays 
from the sun itself. 

One other source of X-rays in Nature may 
be referred to — the 7 radiation of the radio- 
active elements. It will suffice to say that 
while some of the 7-rays can be exactly 
imitated, others are much more penetrating 
than any X-ray we have been able to generate 
artificially. 

Although the electron is ubiquitous, it 
escaped detection until Crookes conducted his 
famous experiments in discharge tubes at low 
pressures, and so reduced the number of 
molecules present that instead of the electron 
being absorbed and suppressed within a mm. 
or so, as it would be at atmospheric pressure, 
it could now travel great distances without 
encountering more than say, 100 or so atoms, 
the majority of which it passed clean through 
without being deviated in any way. The 
high speed it received from the potential in 
the discharge tube gave it, so to speak, an 
innings. 

We have anticipated matters somewhat, but 
it will now be convenient to review the main 
features of a discharge tube and their historical 
development. 

§ (3) The Phenomena op a Discharge 
Tube. — • When a high-potential discharge ^ is 
passed between two electrodes within a glass 
tube, the gas pressure in which is gradually 
reduced, the tube displays a succession of 
appearances which vary with the pressure. 
At atmospheric pressure the discharge takes 
the form of a spark which, as the pressure is 
lowered, loses its noisy character and is 
replaced by a bundle of irregular streamers, 
which, after a time, broaden out and fill the 
bulk of the tube with a pink glow, known as 
the positive column. 

At a pressure of a few millimetres of mercury 
the cathode (the electrode by which the current 
leaves the tube) slowly becomes covered with 

‘ See also "Electrons and the Discharge Tube,” 
Vol. IT, 


a luminous glow — the negative glow — while 
between the positive column and negative 
glow comes a darker region, diffuse in outline, 
called the Faraday dark-space. All this time 
the rarefied air is increasing in conductivity, 
as evidenced by the shortening of the alterna- 
tive spark gap. 

As the exhaustion proceeds the positive 
column may break up into thin fluctuating 
striations, which presently widen and diminish 
in number. • The negative glow proceeds to 
detach itself from the cathode, while a new 
film forms and spreads over the surface of the 
cathode. The two parts of the negative glow 
are separated by a dark region called the 
Crookes or cathode dark-space, the outline of 
which is sharply defined and runs parallel with 
that of the cathode. As the pressure is 
reduced the dark-space -increases in size, its 
thickness often being used as a rough measure 
of the pressure. 

At stiU higher rarefactions both positive 
and negative glows become darker and more 
indefinite, and the cathode dark -space grow's 
until finally its boundaries touch the glass 
walls of the tube, which then begin to fluoresce. 

Meanwhile the conductivity of the rarefied 
gas has been steadily lessening until, finally, 
it is possible to get the exhaustion so complete 
that no discharge can pass. 

§ (4) Cathode Rays. — The study of the 
fluorescence of the glass wall was initiated by 
Pliicker in 1859. He was followed in the 
’seventies by Hittorf and Goldstein in Germany, 
Puluj in Austria, and Crookes in England. It 
was soon ascertained that the fluorescence was 
produced by some form of radiation (called 
Kathodenstrahlen by Goldstein) which sets 
off from the cathode and travels in straight 
lines. For nearly thirty years the English 
and German schools of physics disagreed as to 
the nature of the cathode rays, but Sir J. J. 
Thomson in 1897-98, in a series of classical 
experiments, was able to show that the cathode 
rays were bodies of sub-atomic size, moving 
with prodigious velocities, velocities which are 
comparable with the speed of light. John- 
stone Stoney had previously suggested the 
name electron for the unit of electricity, and 
the suitability of the expression for the cathode 
rays was at once recognised. Thomson showed 
that each cathode ray had a mass about 
1/1800 of that of the hydrogen atom and 
carried a negative electrical charge, agreeing 
in amount with that carried by the hydrogen 
ion in liquid electrolysis. 

The bulk of the great energy of the cathode 
rays is dissipated as heat when the rays strike 
an obstacle. If the rays are concentrated by 
using a concave cathode or other focussing 
device, enormous heat can be generated with 
heavy discharges. Cathode - ray furnaces, 
working on this principle, have been con- 
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structed, in which any known metal can be 
melted or vaporised. 

By reason of their electric charge cathode 
rays are readily bent under the action of 
electric or magnetic force, and this property 
of the rays has found practical application in 
Braun tubes and other forms of oscillograph. ‘ 
The cathode rays, having no inertia, are able 
to follow the most rapid vagaries of an electric 
or magnetic field. 

§ (5) Positive Rays. — In 1880, Goldstein, 
using a perforated cathode, noticed that a 
stream of rays emerged from the tube in a 
direction opposite to that of the cathode rays. 
Wien later observed that these “ Kanal- 
strahlen ” carried a positive charge. The 
deflection in electric and magnetic fields 
showed that the positive rays (as they were 
called later by Sir J. J. Thomson) were molec- 
ular in size. J. J. Thomson and Aston have 
done extended work on the subject and 
derived highly important results. Positive 
rays play an important part in gas X-ray 
tubes, as we shall see presently. 

§ (6) Discovery of X-rays — RSktgen 
Rays. — It was in the autumn of 1895 that Pro- 
fessor W. K. Rontgen at Wurzburg, Bavaria, 
discovered the rays which now bear his name. 
Duilng the course of a research on invisible 
light rays, he had enclosed a discharge tube 
within a screen of stout black paper. On 
passing the discharge he noticed that a 
fluorescent screen, lying on a table some 
distance away, shone out brightly. By inter- 
posing obstacles Rontgen traced back the 
unknown or “ X ” rays to their source, 
which proved to be the region of impact of 
the cathode rays on the walls of the tube. 
The feature of the new rays was their uncanny 
ability to penetrate many substances quite 
opaque to light. The degree of penetration 
was found to depend roughly on the density. 
For example, flesh is moi'e transparent than 
bone, and accordingly the bones stand out 
dark in the shadow caused on a fluorescent 
screen. Rontgen saw at once the immense im- 
portance of his discovery to surgery, and com- 
municated his results to the Physico -Medical 
Society of Wurzburg in November 1895. 

The main features of the rays wore soon 
discovered by an army of workers. It was 
found, for example, that X-rays travel in 
straight lines, cannot apparently bo refracted 
or reflected, do not carry an electric charge, 
and possess the property of ionising or impart- 
ing temporary electric conductivity to a gas. 

§ (7) Detecting the Rays. — Although X- 
rays are not in the visible spectrum they can 
be detected photographically or by their 
power of exciting fluorescence in screens made 
of salts such as barium platino-cyanide, or 
calcium tungstate. Another method makes 
‘ Sec “ Positive Pays,” Voi. 11. 


use of the ionising ability of the rays and 
measures the conductivity so produced in a 
gas. Certain chemical reactions are also 
induced by the rays and can be made to 
serve as the basis of various methods of 
detection and measurement. 

X-rays can iienetrate all substances to a 
greater or less degree, and in general the 
shorter the wave-length the higher is the 
penetrating power. The penetrability of a 
material by a given beam of rays is governed 
by the number and mass of the atoms ■ it 
encounters, that is, by the atomic weight and 
thickness. Chemical combination or tem- 
perature is without effect on the absorbing 
power of an atom. Wo have already men- 
tioned that the rays travel in straight lines, 
and thus it will be seen that an X-ray photo- 
graph or radiograph is essentially nothing but 
a shadowgraph. Radiography was the first 
and still remains the moat important applica- 
tion of the rays, and in the hands of the medical 
man has found enormous application. The 
late war brought this homo in unexampled 
fashion, and the services which radiology then 
rendered can scarcely be overestimated. 

The subject is referred to later, but mention 
may here be made of the necessity of protecting 
the X-ray operator from the rays. As many 
of the early workers discovered to their cost, 
indiscriminate exposure results in dermatitis, 
which may be followed by dangerous cancerous 
growths. With hard rays derangements of the 
internal organs and impoverishment of the 
blood corpuscles may result. Nowadays every 
precaution is taken and such casualties rarely 
occur. Heavy lead screening in some form 
limits the beam of rays and protects the 
worker. 

II. X-RAY TuBEa 

§ (8) Early Forms.' — The vacuum tube 
with which Rbntgen made his discovery had 
a flat cathode, the cathode rays impinging 
on the glass walls. Exporionoo soon showed 
the way to improvements. Carapbell-Swinton 
inserted a platinum target obliquely in the 
path of the rays, and later Sir Herbert (then 
Professor) Jackson replaced the flat cathode by 
a concave one, so that the eathodo rays wore 
brought to a focus on the target. The result 
was that exposures were enormously shortened 
and, owing to the small area of emission of 
the X-rays, the resulting photographs were 
improved out of all recognition in definition 
and detail. 

The present-day method is essentially un- 
altered. The electrons (cathode rays) are given 
enormous speeds (of the order of 50 to 100 
thousand miles a second) by moans of high 
voltages, ahd are directed on a heavy metal 
anticathodo or target. As a producer of 
X-rays the arrangement is still extremely 
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ejected from the sun with very nearly the 
speed of light itself. Some of these strike the 
atoms of the outer atmosphere, very penetrat- 
ing X-rays are generated, and thus the whole 
depth of the atmosphere may be permeated 
by these electrons through the intermediary 
of their more penetrating alias the X-rays. 
Thus the earth’s negative charge which is 
being continually dissipated by the action of 
the potential gradient in the atmosphere is as 
steadily replenished by a current of electrons 
passing downwards. It may be added that 
the conductivity of the air diminishes at night 
and during a solar eclipse. 

One is tempted also to believe that in view 
of the temperature and gigantic electrical 
disturbances in the sun — as Hale’s work has 
shown and Eddington’s speculations would 
indicate — there may be an emission of X-rays 
from the sun itself. 

One other source of X-rays in Nature may 
be referred to — the 7 radiation of the radio- 
active elements. It will sufl&ce to say that 
while some of the 7-raya can be exactly 
imitated, others are much more penetrating 
than any X-ray we have been able to generate 
artificially. 

Although the electron is ubiquitous, it 
escaped detection until Crookes conducted his 
famous experiments in discharge tubes at low 
pressures, and so reduced the number of 
molecules present that instead of the electron 
being absorbed and suppressed within a mm. 
or so, as it would be at atmospheric pressure, 
it could now travel great distances without 
encountering more than say, 100 or so atoms, 
the majority of which it passed clean through 
without being deviated in any way. The 
high speed it received from the potential in 
the discharge tube gave it, so to speak, an 
innings. 

We have anticipated matters somewhat, but 
it will now be convenient to review the main 
features of a discharge tube and their historical 
development. 

§ (3) The Phenomena oe a Discharge 
Tube. — When a high-potential discharge ^ is 
passed between two electrodes within a glass 
tube, the gas pressure in which is gradually 
reduced, the tube displays a succession of 
appearances which vary with the pressure. 
At atmospheric pressure the discharge takes 
the form of a spark which, as the pressure is 
lowered, loses its noisy character and is 
replaced by a bundle of irregular streamers, 
which, after a time, broaden out and fill the 
bulk of the tube with a pink glow, known as 
the positive column. 

At a pressure of a few millimetre of mercury 
the cathode (the electrode by which the current 
leaves the tube) slowly becomes covered with 

* See also " Electrons and the Discharge Tube,” 
Vol. IT. 


a luminous glow — the negative glow — while 
between the positive column and negative 
glow comes a darker region, diffuse in outline, 
called the Faraday dark-space. All this time 
the rarefied air is increasing in conductivity, 
as evidenced by the shortening of the alterna- 
tive siiark gap. 

As the exhaustion proceeds the positive 
column may break up into thin fluctuating 
striations, which presently widen and dimmish 
in number. • The negative glow proceeds to 
detach itself from the cathode, while a new 
film forms and spreads over the surface of the 
cathode. The two parts of the negative glow 
are separated by a dark region called the 
Crookes or catliode dark-space, the outline of 
which is sharply defined and runs parallel with 
that of the cathode. As the pressure is 
reduced the dark-space increases in size, its 
thickness often being used as a rough measure 
of the pressure. 

At still higher rarefactions both positive 
and negative glows become darker and more 
indefinite, and the cathode dark-space grows 
until finally its boundaries touch the glass 
walls of the tube, which then begin to fluoresce. 

Meanwhile the conductivity of the rarefied 
gas has been steadily lessening until, finally, 
it is possible to get the exhaustion so complete 
that no discharge can pass. 

§ (4) Cathode Bays. — The study of the 
fluorescence of the glass wall was initiated by 
Pliicker in 1859. He was followed in the 
’seventies by Hittorf and Goldstein in Germany, 
Puluj in Austria, and Crookes in England. It 
was soon ascertained that the fluorescence was 
produced by some form of radiation (called 
Kathodenstrahlon by Goldstein) which sets 
off from the cathode and travels in straight 
lines. For nearly thirty years the English 
and German schools of physics disagreed as to 
the nature of the cathode rays, but Sir J. J. 
Thomson in 1897-98, in a series of classical 
experiments, was able to show that the cathode 
rays were bodies of sub-atomic size, moving 
with prodigious velocities, velocities which are 
comparable with the speed of light. John- 
stone Stoney had previously suggested the 
name electron for the unit of electricity, and 
the suitability of the expression for the cathode 
rays was at once recognised. Thomson showed 
that each cathode ray had a mass about 
1/1800 of that of the hydrogen atom and 
carried a negative electrical charge, agreeing 
in amount with that carried by the hydrogen 
ion in liquid electrolysis. 

The bulk of the great energy of the cathode 
rays is dissipated as heat when the rays strike 
an obstacle. If the rays are concentrated by 
using a concave cathode or other focussing 
device, enormous heat can be generated with 
I heavy discharges. Cathode - ray furnaces, 
I working on this principle, have been con- 
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structed, in which, any known metal can be 
melted or vaporised. 

By reason of their electric charge cathode 
rays are readily bent under the action of 
electric or magnetic force, and this property 
of the rays has found practical application in 
Braun tubes and other forms of oscillograph. ' 
The cathode rays, having no inertia, are able 
to follow tlie most rapid vagaries of an electric 
or magnetic field. 

§ (5) Positive Rays. — In 1886, Goldstein, 
using a perforated cathode, noticed that a 
stream of rays emerged from the tube in a 
direction opposite to that of the cathode rays. 
Wien later observed that these “ Kanal- 
strahlen ” carried a positive charge. The 
deflection in electric and magnetic fields 
showed that the positive rays (as they were 
called later by Sir J. J. Thomson) wore molec- 
ular in size. J. J. Thomson and Aston have 
done extended work on the subject and 
derived highly important results. Positive 
rays play an important part in gas X-ray 
tubes, as we shall see presently. 

§ (6) Discovery of X-rays — RSHTasN 
Rays. — It was in the autumn of 1895 that Pro- 
fessor W. K. Rontgen at Wurzburg, Bavaria, 
discovered the rays which now boar his name. 
During the course of a research on invisible 
light rays, he had enclosed a discharge tube 
within a screen of stout black paper. On 
passing the discharge ho noticed that a 
fluorescent screen, lying on a table some 
distance away, shone out brightly. By inter- 
posing obstacles Rontgen traced back tho 
unknown or “ X ” rays to their source, 
which proved to be tho region of impact of 
the cathode rays on the walls of the tube. 
The feature of the new rays was their uncanny 
ability to penetrate many substances quite 
opaque to fight. The degree of penetration 
was found to depend roughly on the density. 
Por example, flesh is more toansparent than 
bone, and accordingly the bones stand out 
dark in the shadow caused on a fluorescent 
screen. Rflntgen saw at once the immense im- 
portance of his discovery to surgery, and com- 
municated his results to the Physico-Medical 
Society of Wurzburg in November 1896. 

The main features of the rays wore soon 
discovered by an army of workers. It was 
found, for example, that X-rays travel in 
straight fines, cannot apparently be refracted 
or reflected, do not carry an electric charge, 
and possess the property of ionising or impart- 
ing temporary electric conductivity to a gas. 

§ (7) Detecting the Rays. — Although X- 
rays are not in the visible spectrum they can 
be detected photographically or by their 
power of exciting fluorescence in screens made 
of salts such as barium platino-oyanide, or 
calcium tungstate. Another method makes 
, * See “ Positive Rays,” Vol. 11. 


use of the ionising ability of the rays and 
measures the conductivity so produced in a 
gas. Certain chemical reactions are also 
induced by the rays and can be made to 
serve as the basis of various methods of 
detection and measurement. 

X-rays can penetrate all substances to a 
greater or less degree, and in general the 
shorter the wave-length the higher is the 
penetrating jio'wor. The penetrability of a 
material by a given beam of rays is governed 
by tho number and mass of the atoms it 
encounters, that is, by the atomic weight and 
thickness. Chemical combination or tem- 
perature is without effect on tho absorbing 
power of an atom. We have already men- 
tioned that tho rays travel in straight lines, 
and thus it ivill be seen that an X-ray photo- 
graph or radiograph is essentially nothing but 
a shadowgraph. Radiography was the first 
and still remains the most important applica- 
tion of the rays, and in tho hands of tho medical 
man has found enormous application. Tho 
lato war brought this home in unexampled 
fashion, and the services which radiology then 
rendered can scarcely bo overestimated. 

The subject is referred to later, but mention 
may hero bo made of tho necessity of protecting 
tho X-ray operator from tho rays. As many 
of tho early workers discovered to their cost, 
indiscriminate exposure results in dermatitis, 
which may be followed by dangerous cancerous 
growths. With hard rays derangements of tho 
internal organs and impoverishment of the 
blood corpuscles may result. Nowadays every 
precaution is taken and such casualties rarely 
occur. Heavy lead screening in some form 
limits tho beam of rays and protects tlio 
worker. 

II. X-RAY Tubes 

§ (8) Early Forms. -—The vacuum tube 
with which Rbntgon made his discovery had 
a flat cathode, tho cathode rays impinging 
on tho glass walls. Exporionoo soon showed 
the way to improvements. Campboll-Swinton 
inserted a platinum target obliquely in tho 
path of the rays, and later Sir Herbert (then 
Professor) Jackson re])laced tho flat cathode by 
a concave one, so that tho cathode rays were 
brought to a foous on tho target. Tho result 
was that exposures wore enormously shortened 
and, owing to tho small area of omission of 
the X-rays, the resulting photographs were 
improved out of all recognition in definition 
and detail. 

Tho present-day method is essentially un- 
altored. Tho electrons (cathode rays) are given 
enormous speeds (of tlio order of 60 to 100 
thousand miles a second) by means of high 
voltages, ahd are directed on a heavy metal 
anticathodo or target. As a producer of 
X-rays tho arrangement is still extremely 
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inefficient, although we take steps to increase 
the chances of an effective collision by choosing 
a target of high atomic weight or number. 

As already mentioned, almost all the energy 
of the electrons is degraded into heat, and for 
this reason it is essential that the target shall 
be of a very refractory metal. Tungsten (with 
a melting-point of over 3000° C.) is nowadays 
almost always employed for a target, though 
platinum and other metals find application for 
certain purposes. 

The X-rays radiate uniformly in all directions 
from the focus, travelling in straight lines just 
as Hght rays radiate from a lamp. The X-ray 
bulb is comparable to an X-ray lamp, in which 
the voltage applied to the bulb corresponds to 
the temperature of a luminous lamp. If we 
raise the temperature of the latter we increase 
the intensity and at the same time shorten 
the average wave-length ; so with the X-ray 
bulb, if we raise the voltage we increase the 
intensity and shorten the average wave-length. 
In practice the voltages employed range up 
to 200,000 or even more. The quantity of 
radiation is dependent on the current through 
the tube, and a milliampere is a convenient 
measuring unit for the purpose. 

There are two main types of X-ray bulbs 
in use (a) the hot cathode tube, (6) the gas 
tube. The Coolidge tube, invented by Dr. 
Coolidge in America, is the chief representative 
of the first class, in which the electrons are 
produced from a cathode consisting of a spiral 
of tungsten wire, raised to a white heat by an 
electric current. The vacuum in the tube is 
very high, and no discharge can pass if the 
cathode is not heated. The Coolidge tube has 
the valuable property of precise and repro- 
ducible control with a great range, advantages 
which cannot be claimed for the gas tube. In 
the gas tube very complete exhaustion is not 
attempted ; a trace of residual gas is deliber- 
ately left in the tube, and this serves as a 
constant source of electrons through shock 
ionisation. 

If we compare the characteristic curves of 
these two types of X-ray lamps by plotting 
current against voltage, we &xd differences 
which are fundamental {Fig. 2). Under the 
conditions in which a gas tube operates the 
current increases steadily with the voltage, 
while in the case of the Coolidge tube the 
current is independent of the voltage. In the 
latter case the current is limited only by the 
number of electrons emitted, which number 
increases or decreases with the temperature 
of : the cathode filament. Thus we can alter 
either voltage or current independently of 
each other, and this fact gives the hot cathode 
tube a great advantage over the gas tube, in 
which independent control of voltage and 
current is impossible. 

The hot cathode tube thus utilises its 


“ saturation ” current, and for that reason is 
much less affected by changes in the wave 
form of the exciting potential than is a gas 



tube. On the other hand, the absence of 
saturation in a gas tube loads to a more 
effective use of very high voltages, and it is 
found that, at any rate, at low gas pressures a 
gas tube gives about twice the X-ray output 
of a Coolidge tube for the same milliamperage 
and voltage (Fig. 3, Dauvillier). But the gas 
tube is far from being the equal of the Coolidge 
tube as regards control and reliabihty, though 
experience counts for a good deal. 

It may bo added that both types of tube 



give heterogeneous X-rays, and there is little 
to choose between them in this respect. 

§ (9) The Elbotrodes oe an X-ray Tube. 
— The cathode of the present-day X-ray gas 
tube is made of aluminium of robust design. 
It is mounted facing the anticathode or target, 
the distance between the two being a matter 
of nicety for the maker, who has to be guided 
largely by his experience and knowledge of the 
work for which the tube is intended. The 
lower the pressure or the “ harder ” the tube, 
the farther the focus of the cathode rays 
recedes from the cathode and the smaller the 
focal spot. 

The material and size of the cathode are 
both important. Aluminium possesses advan- 
tages because it displays but little “ sputtering ” 
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or blackening, a feature wMch is common to 
almost all metals when functioning as a 
negative electrode in a vacuum. Aluminium 
shows the effect but slightly, but with very 
heavy discharges the central portion of the 
cathode may be melted, the molten globules 
so formed being projected right across the 
tube in some cases. No particular harm is 
usually done, except that the curvature of 
the cathode may be changed and the 
focal spot of the cathode rays moved in 
consequence. 

The choice of metal for cathode is also 
important from the point of view of the 
occluded gas. There is little doubt that in 
the case of a gas tube the gases contained 
within the metal of the cathode play an 
important part. Tliis is probably the explana- 
tion why some experimenters have found it 
useful to keep the cathode cool by some 
device. 

The cathode of a Coolidge tube is described 
later. 

§ (10) Tub ANTiOATiiODE.-^The primary 
essentials in an anticathode, whether for gas 
or hot-oathode tube, are : 

1. A high atomic number to secure a large 
output of X-rays. 

2. A high melting-point and a high thermal 
capacity to prevent the target fusing under a 
heavy discharge. 

3. A high thermal conductivity to assist in 
dissipating the waste heat. 

4. A low vapour pressure to avoid distillation 
and condensation of the metal on the wails of 
the tube. 

In the hght of the above requirements, 
tungsten stands almost alone as a material 
for anticathodes. Platinum was at one time 
almost exclusively employed, but tungsten 
has a much higher melting-point (3200° C. as 
against 1755° C.), has twice the thermal con- 
ductivity, and but a slightly inferior radiation 
value. 

The very large heating effeets exporionood 
by the anticathode of a modern X-ray bulb 
have provided scope for much ingenuity in 
getting rid of the surplus heat. The anti- 
cathode is in many tubes kept cool by means 
of a water reservoir or a stream of air. In 
other oases the massiveness of the anticathodo 
is increased by surrounding the tungsten 
. target with copper, the support of which 
extends to the outside of the tube and is 
there provided with radiating fins, incidentally 
necessitating some very fine glass manipulation. 

§ (11) The Anode. — The modern X-ray gas 
bulb is almost always provided with an 
additional anode of aluminium, which is 
connected externally with the anticathodo. 
The precise benefits of the separate anode are 
distinctly doubtful, and in tubes of the 
Coolidge type it finds no place. 


§ (12) The Gas Tube. — The gas tube depends 
for its action on the presence of a few ions in 
the residual gas in the tube. These ions or 
electrified atoms have their velocities increased 
by the electric field, positive ions being drawn 
to the cathode and negative to the anode. The 
positive ions bombarding the cathode release 
electrons in abundance which, being attracted 
to the anode, ionise freely by shock or collision 
those atoms encountered en route, generating 
more positive ions and more electrons. The 
electrons which hit the target generate X-rays 
and the cycle of oiiorations continues so long 
as the voltage is applied. 

The i)ositivo ions or positive atoms thus 
play a fundamental and essential part in the 
ionics of a gas tube. They are also responsible 
for one or two other effects, the elucidation 
of which has boon very puzKling. One of the 
great difficulties in exact work with the gas 
tube is the continual tendency of the gas 
pressure to change. One would first look to 
the electrodes which, depending on the condi- 
tions, may either omit or absorb gas and do 
so control very materially the well-known 
“ crankiness ” of a gas tube. But it is found 
that, provided the current is not too heavy 
to overheat the electrodes, there is a continual 
and apiJarontly unlimited disappearance of 
gas, more especially at high voltages, and 
ultimately the vacuum becomes so high as to 
render the tube unusable. To cut a long story 
short wo now know that some of the positively 
charged atoms of gas by reason (jf their high 
velocity (about 600 miles a second) actually 
crash into the glass walls of the tube and are 
mechanically trapped there, an effect which is 
enhanced by the presence of volatilised motal. 

Many devices have boon introduced from 
time to time to overcome this hardening effect. 
In some cases, when the tube becomes too 
hard, the discharge is caused to pass through 
a small annexe containing absorbent material, 
such as asbestos, whioh liberates enough gas 
to soften the tube. Another method commonly 
employed is to rely on the diffusion of gas 
through a small platinum tube, whioh can be 
heated by a small flame. 

If a gas tube is overloaded the result is 
sometimes to harden the tube, sometimes to 
soften it, depending largely on the behaviour 
of the cathode. Further, if the discharge is 
sufficient to make the target rod-hot, it may 
then give off so much gas as to necessitate 
ro-oxhaustion of the bulb. 

A very commonly met source of failure of 
gas tubes is due to cracking of the glass, 
almost always in the region round the cathode. 
In many oases this is preceded by a roughening 
of the glass at this point. Those effects are 
produced by positive rays striking the glass 
walls. The positive rays are prolmbly also 
responsible for the melting of the alunrinium 
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cathode under very heavy discharges. There 
is little doubt that the positive ions produce 
the luminous blue glow which often accom- 
panies high-voltage discharges, and also the 
positive electrification which is present on 
the glass walls of tlie bulb of a gas X-ray tube. 
Positive ion effects are always found to persist 
so long as the electrodes are giving off gas. 

A common defect with gas tubes is the 
wandering of the focal spot. Such movement 
is, of course, prejudicial to good definition in 
radiography. Further, it is not unusual, after 
the tube has been subjected to a heavy dis- 
charge, to find that the focus has permanerftly 
changed its position. 

Another characteristic of a gas tube is that 
the breakdown voltage is a good deal higher 
than the running voltage. This is due to the 
fact that in the gas tube the number of ions 
initially present is very small. When the 
circuit is closed the number of ions' produced 
by collision increases enormously, and the 
voltage across the terminals of the tube falls 
in conseq^uence. 

The gas tube received a good deal of atten- 
tion in Germany during the war. In the so- 
called “ boiling tube ” of Muller, the gas tube 
is employed to generate very penetrating X- 
rays primarily for use in deep therapy. The 
gas pressure is not only low, but tending to get 
lower. To prevent emission of gas from the 
(platinum) anticathodo, it is kept at a con- 
stant temperature by boiling water, and water- 
cooling is also adopted for the cathode. The 
focus is very broad. The tube is operated at 
close on 200,000 volts and with small currents, 
2 to 3 milliamperes, a condition which assists 
the hardening tendency. Puffs of gas are 
introduced by an osmosis tube heated by a 
small flame ignited and operated through a 
relay by an automatic regulator Avhich is con- 
trolled by a milliammeter in series with the 
tube. In action the water quietly boils, and 
the tube may be run for hours at a time at a 
constant milliamperage. It is claimed that 
there is a greater proportion of homogeneous 
end radiation when the X-rays ‘ are filtered 
than there is from a CooHdge tube working 
■under the same conditions. 

Whether that is so or not, it must not be 
forgotten that an increase of potential always 
tends to render a beam of X-rays more homo- 
geneous. Further, the spark-gap readings on 
a gas tube tend to indicate voltages higher 
than those which' are actually operating the 
tube. 

§ (13) The Coolidge Tube. — Consideration 
of the properties of a gas X-ray tube indicates 
that most of the limitations are incidental to 
the presence of positive rays. Dr. W. D. 
Coolidge ^ of the Research Laboratory of the 
General Electric Company, Schenectady, New 
^ Phys. lUv., 1913, 11. 409, 


York, saw that most of these disabilities would 
disappear if the vacuum in the tube were high 
enough, so that the positive ions did not play 
an essential role. This necessitated generat- 
ing cathode rays by some other means, and 
Coolidge turned to the work of Richardson, ^ 
who had made quantitative measurement of 
the electrons produced by heating a negatively 
charged metal. There was considerable diver- 
gence of opinion at the time as to the mechan- 
ism of the effect, and certain workers had 
suggested that in the absence of gas such 
thermionic discharges would cease altogether. 
Langmuir ® in some experiments on the 
thermionic currents in the case of tungsten, 
showed that the effect was a real one, and that 
instead of dying away the currents actually 
increased, up to a certain limiting value, as 
the tube became freer and freer from gas. In 
brief, Langmuir showed that a hot tungsten 
cathode, in a vacuum as high as it is humanly 
possible to make it, emits electrons con- 
tinuously at a rate determined only by the 
temperature. 

Dr. Coolidge was thus led to evolve the 
Coolidge X-ray tube, the main features of 
which are as follows : 

The cathode consists of a small flat tungsten 
spiral which can be electrically heated by an 
independent circuit. Surrounding the spiral 
is a tube or bowl of molybdenum, which serves 
to focus the cathode ray stream upon the 
target. The temperature of the filament 
varies from about 1600° to 2300° C. The 
bowl is connected electrically to the cathode, 
and the anticathode or target functions also 
as anode. In the ear her or “ universal ” type 
of tube the target consists of a block of tung- 
sten with a molybdenum stem. This design 
has been modified in later types. 

Unusual precautions are taken to render the 
exhaustion of the bulb as complete as possible. 
Langmuir pumps •with liquid air traps are used, 
and the whole tube, while connected to the 
pump, is heated in an electric oven to just 
short of the softening point of glass (about 
470° C.). Periodically the tube is operated 
■with heavy discharge currents, so that the 
tungsten target is raised to a white heat. The 
test of adequate exhaustion is the complete 
absence of a luminous discharge and phos- 
phorescence of the glass walls. It is found 
that the time of exhaustion can be consider- 
ably shortened by previously heating the 
electrodes to a high temperature in a vacuum 
furnace. Metal thus treated may be left about 
in the air for some days and only absorb but 
a small fraction of the gas originally contained 
in it. 

The groat merit of the Coolidge tube is its 
capacity to reproduce completely any specified 

> Roy. Soc. Proc., 1903, Ixxi. 416. 

» Phys. Rev., 1913, ii. 450. 
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sot of conditions. The output (or quantity) of 
X-rays depends only on the temperature of 
the filament. The penetrating power (which 
depends upon the wave-length) is controlled 
only by the voltage across the terminals of the 
tube. Furthermore, the tube allows current 
to pass in only one direction, so long as the 
conditions are such that the target is not raised 
in temperature to more than a dull red heat. 
The tube is, in fact, capable of rectifying its 
own current, when supplied from an alternat- 
ing source. The latest form of radiator tubes 
permits the passage of a steady current ‘of as 
much as 30 railliampores. Care should be 
taken that the tube is not overloaded, as 
otherwise, iE the target attains a white heat, 
a considerable amount of inverse current will 
be allowed to pass, with detrimental and ulti- 
mately disastrous effects on the bulb. 

Another feature of the Coolidgo tube is that 
the starting and running voltages are the same. 
As the positive ions play no appreciable part, 
there is little or no consequential heating of 
the cathode, and no evidence of api)reciable 
cathodic sputtering. The Coolidge tube in 
operation shows none of the fluorescence of the 
glass displayed by gas bulbs, a result duo to 
the fact that the walls of the tube become 
negatively charged, and so, unlike an ordinary 
gas bulb, repel the “ reflected ” cathode rays 
from the target. 

In the prolonged use of a Coolidgo tube a 
small amount of gas is usually liberated, as is 
indicated by a small drop of the milliamporos 
through the tube, which can be corrected by 
raising the filament temperature ; such gas is 
promptly re-absorbed when the discharge is 
stopped. 

Coolidge, by the use of the pin-hole camera, 
has shown that, in addition to the main body 
of X-rays from the focus, there is a very con-, 
siderable omission of extraneous X-rays from 
the entire surface of the anticathodo, which 
must therefore be bombarded by cathode 
rays from some source or other. We must 
look to the “ reflected ” rays for an explana- 
tion. These rays, which leave the focus with 
a velocity almost as high as that with which 
they approached it, are repelled by the cathode 
and the glass bulb, both negatively charged, 
and are compelled to return and collide once 
more with the anticathode. Doubtless in 
many instances this procedure occurs again 
and again. X-rays being produced at every 
coUision. The pin-hole camera shows that, 
except in the region of the focus, the intensity 
of the X-rays is much the same, both back and 
front of the anticathode. Measurements show 
that the rays, whether from back or front, 
differ but little in penetration. Coolidge has 
devised a variety of apparatus for reducing 
the magnitude of the stray radiation, but in 
the end came to the view that the extent of 


the defect did not justify the loss of simplicity 
involved in providing a remedy. The use of a 
lead diaphragm as small as possible and as 
near the tube as possible is the best cure. 

Coolidge has also developed various modifica- 
tions of the original design of tube. In the 
radiator type of tube, referred to above, the 
anticathode is made ujd of a solid bar of copper, 
which is brought out through the glass to a 
copper radiator {Fig. 4). The head of the 



Pig. 4.-- -lUdiator Typo of Coolidge Tube. 

anticathodo consists of a mass of specially 
purified copper, which is first cast in a vacuum 
around a tungsten button, and is then electric- 
ally welded to the stem. In this type of tube 
the great buUc of the heat gcnei’atod is con- 
ducted away by the radiator, and, as a result, 
it has bcoomo possible to make the glass bulb 
very small, a little under 4 in. in diameter. It 
may be added that the type of antioathode just 
described greatly increases the difficulty of 
exhaustion. In a still more recent model the 
glass walls have boon made very thick, about 
a quarter of an inch. One clToot of this is, for 
some curious reason, greatly to increase the 
stoadmess of the discharge. Lead glass is used 
with a thin transparent window, and the tube 
thus affords protection for the operator. It 
has been found possible to manufacture a 
workable load glass which affords as much 
protection as ono-quarter the same thickness 
of sheet load. 

In some experimental models Coolidgo has 
worked with anticathodcs cooled by currents 
of water. Such tubes permit enormous X-ray 
outputs. One tube ran continuously for 08 
hours at 100 milliamperes and 70,000 volts. 
Other tubes have been run continuously for 
many hours at 200 milliamperes, the power 
input being of the order of 14 kilowatts. 
Doubtless this figure will bo increased as time 
goes on. 

The G.’E.C. of America has adopted the 
methods of mass production to the various 
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forms of Coolidge tube, and is now turning out with metal bulbs in an attempt to get rid of 
over 100 tubes a day. The bulbs and glass some of the energy limitations imposed by 
parts are blown in moulds at the glass factory, glass. Sir Oliver Lodge designed such a bulb 
and the operation of assembly is carried out in 1897, and since then CooUdge {Fig. 6), 
by girls with the aid of glass-blowing machines. Siegbahn, and others have made use of them. 
There is one feature of the Coolidge tube to and it is not unlikely that future commercial 
which reference may 
be made.^ As already 
remarked, in conse- 
quence of the low 
pressure, “shock” 
ionisation of the re- 
sidual gas is negligible 

or practically so, and • Fig. 0. 



the work of carr3dng 

the current is left solely to the electrons. Thus 
the space between the electrodes is filled with 
carriers of one sign, with the result that at high 
current densities there is an appreciable ob- 
structing effect due to electrostatic repulsion 
between the electrons crossing over and those 
following. This “ space-charge ” sets an upper 
limit to the current through a Coolidge tube at 


high filament temperatures. Thus the current 
through a Coolidge tube may be set an upper 
limit either by the filament temperature or by 
the space-charge. The restricting effect of the 
space-charge can be lessened by raising the 
voltage or by introducing positive ions in some 
fashion, e.g. by a trace of 

Coldwater Qg_gg q{ yQJ.y 

heavy momentary dis- 
( LA charges tungsten vapour is 

produced at the focal spot, 
a-ud this also serves greatly 
to diminish the tube re- 
U pjj sistance. 

/flhs) § LmiENE-BLD Tube. 

f H • — The Lilienfeld tube, 

A—-. \ introduced in 1913, and 

•V", I since extensively modified, 

_ 1\/ combination of hot cathode 

i tube and gas tube, and, 

incidentally, is claimed to 
® possess the advantages of 

Q _ZrW-^=Y both. In an annexe to 

y ^ main discharge tub^ a 

hot cathode is separately 
Fig. 5. excited by a moderate 

potential. The electrons 
pass through a hole in the main cathode and 
are there subjected to a much higher potential 
difference before they strike the anticathode 
(Fig. 5). Lilienfeld lays stress on the import- 
ance of using a coil discharge (as distinct from 
a transformer discharge) in that it yields higher 
momentary current densities. At high voltages 
(above 120 kv. and up to 170 kv.) the rays after 
filtering through 3 mm. of aluminium are 
stated to be homogeneous. 

§ (16) Metal X-eay Tubes. — From time 
to time various experimenters have worked 


developments will be on such lines. Silica 
bulbs have also been used by Coolidge and 
other workers. 

III. The High-potential Geneeatoe 

The voltages which obtain in practice for 
exciting X-ray bulbs are, roughly speaking, of 
the order of up to 100,000 volts for radio- 
graphy and superficial therapy, and up to 
200,000 volts or more for deep therapy and 
metal-radiography. 

§ (16) Teanseoemers and Induction Coils, 
— The high - potential generator is almost 
always a step-up transformer.^ Less com- 
monly, especially in this country, influence or 
static machines are employed, though they 
would have many advantages if they could be 
sufficiently improved to withstand atmospheric 
humidity. 

It is customary in radiology to speak of 
“ induction coils " and “ transformers,” though 
both are varieties of step-uii, static, liigh- 
tension transfoimers. By an induction coil is 
meant an open-cored transformer which de- 
pends for its action on the interruptions of the 
primary current by an independent break or 
interrupter. By a transforiner is implied a 
closed-core transformer fed with alternating 
current (almost always single phase) either 
straight from the main or (in the case of a 
D.C. supply) from the alternating side of a 
rotary converter. Such a transformer may 
be either oil-immersed or have “ dry ” insula- 
tion. 

The coil ordinarily yields a “ peaky ” 
potential wave as compared with the approxi- 
mately sinusoidal wave form of the trans- 
former. With either type some sort of valve 
or mechanical rectifier is employed either to 
cut out or invert the half of the high-potential 
wave which would tend to pass in the wrong 
direction through the X-ray bulb. In the 
case of a coil and rotary interrupter the 
mechanical rectifier is a commutator mounted 
on an extension of the spindle of the inter- 
rupter. In the case of a transformer a similar 
^ See “ Transformers, Static,” Vol. II. 
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commutator is mounted, either on the shaft of 
a' synchronous motor (if A.C. supply is used) 
or on an extension of the shaft of the rotary 
converter, as the case may be. If a valve is 
used instead, there are several types avail- 
able, but choice is practically restricted to 
the hot cathode type such as the Kenetron. 
As already remarked, CooHdge tubes of the 
radiator type are self-rectif 3 dng. 

The initial cost of a transformer outfit is 
approximately tunce that of an induction coil 
outfit of corresponding power. A transformer 
outfit is rather more bulky, and any repairs 
are also usually more expensive. On the other 
hand, the efficiency of a transformer is roughly 
twice that of a coil (including a break and 
rectifier). Further, owing to the occasional 
vagaries of all interrupters, control is more 
precise and measurements are more definite 
with the transformer, and if A.C. is available 
and wo dispense with the mechanical rectifier, 
there are no moving parts. Transformers 
produce greater heating effect on the target 
of the X-ray bulb, but this objection is met by 
arranging the rotating commutator so that it 
picks off only the regions round tho crests of 
the loops, and thereby eliminates the loss 
efficient lower voltages. 

The induction coil is an empirically designed 
instrument, the present-day type of which is 
not fundamentally very different from tho 
early models of Spottiswoodo, although in 
detail it differs very considerably. Tho exact 
raeasirrement of the performance of coils is 
difficult, and, as a consequence, coil makers 
have been led to adopt certain arbitrary 
standards of design which are baaed chiefly on 
practical experience. Some of the factors 
which arise in the design are conflicting, and 
it is in the methods of reconciling necessarily 
antagonistic factors that the sldll of the coil 
designer finds chief scope. 

The subject of induction coil design for 
X-ray purposes is a large one, and only certain 
broad conclusions can be touched upon here. 
A transformation ratio of from 50 to 200 and 
an efficiency of 0-3 to 0-0 are usual figures. 
Some form of sectional winding is adopted for 
tho secondary coil, allowing about 4000 volts 
for every 1000 turns, and arranging that tho 
outside diameter does not exceed 2| times the 
bore. The resistance and, more especially, 
the self-induction of the secondary must be 
kept down. The primary should be capable 
of being connected directly to the 200-volt 
mains. The capacity of the condenser should 
be no greater than will prevent undue arcing 
in the interrupter. The interrupter should 
run at as high a speed as is expedient, and be 
of adequate design and robust construction. 

About 16 lbs. of iron core should be allowed 
for every kilovolt-ampere input. The core 
may well have a length in the neighbourhood 


of up to 10 times the diameter. The primary 
windings should extend over almost the whole 
length of the core ; the secondary windings 
over not more than the middle three-quarters, 
though care must bo taken that this (the 
length of the secondary) is at least ^ times 
the maximum spark length. 

The induction coil is essentially a shock 
apparatus, and the shock excitation method 
of interruption may result in the presence of 
many superposed harmonics in the oscillation 
waves. These harmonics, which have high 
fre’quencies (several thousands a second), are 
reflected in tho secondary circuit, where, from 
a practical point of view, they evince them- 
selves in tho reluctance with which they pass 
through an X-ray bulb. The resulting tend- 
ency to spark across tho surface of the tube 
can only bo met by lowering tho gas pressure, 
by immersing tho tube in oil, by lengthening 
the arms, or, of course, by suppressing the 
high-frequency waves before they reach tho 
tube. 

This is done in the so-called “ symmetrical 
coil ” which has been developed in Germany. 
In this apparatus two separate coils, mounted 
vertically side by side, have their secondaries 
connected in series, and also their primaries. 
In the two connecting loads between the 
secondaries are inserted a gas X-ray bulb in 
tho one and an enclosed rectifying spark gap 
in tho other. On each side of the spark gap 
and in series with it is a high resistance (water). 
The self-induction of tho socondai’y circuit is 
low, but tho resistance is very high and serves 
to damp out the high-frequency oscillations. 
The spark gap helps to enhance the, break- 
down potential of the gas bulb. High voltage 
(200,000) and low current (2 to 3 m.a.) are 
aimed at. An annular air 8i)aco between 
primary and secondary assists natural cooling. 
A mercury break (m = 47) is used. 

Interrupters . — Much of tho progress that has 
boon made with tho performance of coils has 
resulted from tho proper selection of inter- 
rupter. Tho hammer break, tho accompani- 
ment of most of the earlier coils, is now rarely 
fitted. Tho majority of present-day inter- 
rupters are of tho motor-driven type, which 
employ mercury in a diclootiic either of coal 
gas or a liquid such as paraffin oil. A large 
proportion of mercury interrupters are of tho 
turbine variety, in which a jet of mercury is 
pumped against a series of rapidly revolving 
vanes. 

The electrolytic or Wehnelt mtorrupter still 
finds favour with some workers. Irr the usual 
form it consists of two electrodes immersed in 
dilute sulphuric acid. The cathode is a large 
lead plate, the anode consisting of one or more 
platinum points, the exposed amount of which 
may be controlled by an adjustable porcelain 
sleeve. 
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There is still scope for much work on the of characteristic lines. Preceding this is a 
design of interrupters, which' may fairly be table of lattice-constants f dr several crystals on 
said to be the most untrustworthy feature of which extended measurements have been made, 
a present-day coil outfit. A large amount (ii.) X-ray Spectra. — Up to now, about 16 
of energy is wasted in the 
interrupter, especially with 
heavy currents. 

IV. The Measurement op 

X-RAYS 

The output from an X-ray 
bulb must be specified 'with 
respect to (1) mean wave- 
length, quality, or hardness, 
and (2) intensity, i.e. quantity 
of rays per unit area. 

The problem is complicated 
somewhat by the existence of 
two distinct types of radiation — (1) a general lines have been found to be associated with the 
spectrum of X-rays -with a large range of characteristic X-ray spectrum of each element, 
wave-lengths ; (2) the “ characteristic ” or Three series of lines are known at present — the 

“monochromatic” rays which are wholly K, L, and M, of which the K has the highest 
characteristic of the metal of the anticathode, frequency. It has also been claimed that a J 
The proportions of these two classes depend series exists, but the evidence needs confirma- 
on the conditions of discharge and on the tion. The K series contains at least 4 lines, a, /3, 
material of the target. The characteristic y, S (some of them doublets), of which the 5 line 
radiations only appear when the exciting has the highest frequency. The L series con- 
cathode rays are sufficiently fast. There is, tains probably 3 groups of lines, each group 
in fact, a critical voltage for each metal, which similar to the K series. 

is required in order to excite the characteristic The values of the wave-lengths of the prin- 
rays, and the proportion of these rays in- cipal lines are given in the tables in Angstrom 
creases rapidly as the voltage is raised above units. It should be noted that aU the values 
this critical limit. rest on W. L. Bragg’s estimate of the lattice- 

§ (17) Methods op measuring Quality or constant of rock salt (see above). 

Hardness.^ — The range of qualities of X-rays (iii.) Absorption Coefficients. — A very usual 
is very wide, embracing several octaves. methodofdeterminingthequality of X-raysisto 

(i.) Wave-length. — We now know that the measure their absorption in a standard material 
hardness, or penetrating power, of an X-ray such as aluminium. Aluminium is commonly 
is precisely defined by its wave-length — the chosen because it is readily procurable in con- 
shorter the wave-length, the harder the ray. venient form, and, so far as is known, does not. 
The moat precise means of measuring the in the majority of cases, complicate matters by 
quality of X-rays is by the crystal spectro- superposing a characteristic radiation, 
meter. Measurements show that the majority Now it is found that if all the rays, both 
of the wave-lengths of the X-rays, so far ex- entering and leaving a jilate of material, are 
amined, lie between 10*’ and 10*® cm. homogeneous (that is, wholly of the same 

The subject is dealt with elsewhere, but it quality), then the rays are absorbed ex- 
has been shown by the Braggs, Moseley, and ponentially by the plate, i.e. if 1, 2, 3 . . . similar 
others that measurements of the diffraction of sheets are successively introduced, each addi- 
X-rays by crystals can be made to jdeld the tional sheet absorbs the same fraction of what 
wave-length of X-rays as well as the dimensions it receives. In other words, if there is no 
of the lattice-constant of the crystal concerned. “ scattering ” or transformation of the X-rays, 
It may briefly be mentioned that in any and if /ax is the fraction of the intensity which 
crystal the atoms are regularly disposed in a is absorbed when the rays pass normally 
network of intercrossing groups of planes, through a very thin screen of thickness « (cm.), 
each of the planes in a group being parallel to then for a plate of thickness d (cm.) 
and equidistant from its like neighbouring g-fid 

planes. The lattice-constant of a crystal is o- > 

the distance separating the main atomic planes in which I,, is the intensity of the beam when 
parallel to some specified crystal face. it enters, and I that of the beam when it leaves 

In view of their importance in X-ray the screen, e ( =2-72) is the base of the hyper- 
measurement we give below a table of X-ray bolic system of logarithms, /a is termed the 
wave-lengths for the three main series (K, L, M) linear absorption coefficient. 


Lattice-constants oe Crystals 


Crystal. 

Lattice-constant. 

Observer. 

Rock salt, NaCl . 

X 10*® cm. 
2-8140 

W. L.‘ Bragg, Boy. Soc. 

Caleite (cleavage face), 
CaCOs 

3-0290 

Proc., 1913. 

Siegbahn, Phil. Mag., 

Potasaium ferrocyanide, 
K4Fe(CN)e-3H20 . . 

8-408 

■ 1919. 

Gypsum, CaSo 4 -21120 . 

7-G21 






T 

1 
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K Series (PRiNcirAi. Lines) 



X 10'® cm. 

Siegbahn and Stenstrom, P.Z., July 1910. 

J> >> 


>7 1) 

if f» 

Siegbahn, P.M., June 1919. 

2-492 

Siegbahn and Stenstrom, P.Z., July 1910. 

1-892 

Siegbahn, P.M., Juno 1919. 

Siegbahn and Stenstrom, P.Z., Feb. 1910. 
Siegbahn, P.M., June 1919. 

1-281 

1-121 

Siegbahn and StenstrOm, P.Z., Fob. 1910. 

Moseley (oorreoted), P.M., April 1914. 

0-6342 

Duane and Hu, P.R., 1919. ” 

Bragg. 


Siegbahn, D.P.O.V., 1910. 

ff if 

if t> 

if if 

0-1794 

f> if 

>1 

Siegbahn, P.M., Nov. 1919. 


L Skbibs (Pbinoipal Links) 


At. No. 

Element. 

0-2. 

ttj. 

/3i. 


n- 

Observer. 



X 10'® cm. 

^X 10'® cm. 

X 10*® cm. 

X 10*® cm. 

X 10*® cm. 


30 

Zn 


12-36 




Friman, P.3I., Nov. 1910. 

33 

As . 


9-701 

9-449 




36 

Br 


8-391 

8-141 




37 

Rb 


7-335 

7-091 




38 

Sr 


0-879 

C-039 




39 

Y 


0-404 

6-227 




40 

Zr 


0-083 

6-861 


6-380 


41 

42 


6-731 

6-410 

6-724 

6-403 

6-493 

6-176 

6-317 


M >i 

44 

Ru 

4-853 

4-846 

4-030 




45 

Rh 


4-690 

4-372 



n 

40 

Pd 

4-374 

4-303 

4-142 

3-903 

3-720 


47 

Ag 

4-156 

4-140 

3-929 

3-098 

3-616 


48 

Cd 

3-969 

3-949 

3-733 

3-514 

3-331 


49 

In 

3-774 

3-706 

3-660 

3-336 

3-100 


60 

Sn 

3-004 

3-694 

3-381 

3-172 

2-999 

if ft 


D.P.G.V,, Verb, der Deutsch, Vhys, Qesdl.; I'.M., Phil. Mag.; P.R., Phys. Rev. 
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Siegbalm and Friman, 
P.M., July 1910. 
Sicgbahn, P.M., Nov. 
1919. 

Siegbabn and Friman, 
P.M., July 1910. 


M Seeies (Pkincipal Lines) 



D.P.O.Y., Verh. der Deutsck. Phys. Gesell. ; P.M., Phil. Mag.. 


It follows that ^4 = (2-3/d)(Iog Ifl- log 1) ; the With ordinary heterogeneous rays, fj, is 
logarithms being to base 10. If in a set of greater for thin screens than for thick, and so 
observations with homogeneous rays, log I is we can only deal with an average /x, which, 
plotted as ordinate against d, the graph is a however, varies more and more slowly as the 
straight line and /i is 2'3 times the slope of screen becomes thicker {Fig. 7). 
the line. The logarithmic curve of absorption for 
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heterogeneous rays, such as are given out by 
an ordinary X-ray bulb, is not a straight line, 
but a curve which is steeper for thin screens 
than for thick {Fig. 8). For a method of 
finding analytically the absorption coefficients 
of the constituents of a complex beam of rays, 
see J. J. Thomson, Phil. Mag., December 
1915. 

In the case of the characteristic radiations, 
an element exhibits a maximum transparency 



Fig. 7. 

for each of its o^vn characteristic radiations. 
For slightly harder rays th an these, the absorp- 
tion rapidly increases ; the rays characteristic 
of the screen are produced and superposed 
on the transmitted rays to an extent which 
diminishes as the incident rays are increasingly 



Fig. 8. 

hardened. For incident rays softer than the 
critical t 5 Tpe, no characteristic rays are pro- 
duced. Thus, as the incident rays are gradu- 
ally hardened, the transmitted rays roach a 
maximum intensity when the incident rays 
are of the same quality as each of the oharac- 
teiistic rays in turn. 

A large value of g corresponds to easily 
absorbed rays, and a small ono to very pene- 
trating rays, g also varies with the nature 
of the absorbing screen, so that it is necessary 
to specify the material used. For medical 
purposes, it has recently been suggested that 
water should be chosen as the standard ab- 
sorbing medium, since the absorptive power 
of water agrees closely with that of animal 
tissue. 

Some workers prefer to think in terms of 


the thickness D, which reduces the intensity 
to half value. D is connected with p. by the 
expression D=0-69/;U. A notion of the order 
of values ot,p may be got from the fact that 
for an X-ray beam of average hardness 
lies between 4 and 8 cm.~^ ; for hard rays 
between 2 and 4 cm. \ p for fatty tissue 
varies from about 0-4 for hard rays to 0-7 for 
medium x’ays. 

A more fundamentally important constant 
is obtained by dividing the absorption co- 
efficient {p) by the density (p) of the absorbing 
screen. This quantity, pjp — usually called the 
mass-absorption coefficient — gives a measure 
of the absorption per unit mass of the screen 
for a normally incident iioncil of rays of unit 
cross-section. Since it is mass alone that 
affects absorption, at any rate as determined 
by the usual methods of measurement, it is 
ordmarily more convenient to use mass co- 
efficients than linear coefficients. 

If, as was at ono time supposed, the absorb- 
ing powers of different materials were truly 
proportional to thoir densities, then for the 
same rays pjp would bo a constant, no matter 
what the substance used as screen. In point 
of fact, dense substances are a good deal more 
absorptive, mass for mass, than light, and pjp 
increases rapidly with the atomic weight of 
the screen. Tho increase is more noticeable 
with hard rays than with soft. 

The accompanying table gives a series of 
values connecting wave-lengths and absox’ption 
coefficients in aluminium, derived from tho 
results of Rutherford, Bragg, Moseley, and 
Barkla. A scrutiny of these results shows that 
if p. is tho absorption coefficient and \ is tho 
wave-length, then, when the effect of scattering 
has been allowed for, 

p=/dX", 


whore A: is a constant, and n lies between S/2 
and 3. 


Wiive-lengtli K 

pIpM. 

Wave-lengtli 

p/pM. 

1 X 10"" cm. 

0-04 

12 X 10"“ cm. 

22 

2 

0-21 

13 

28 

3 

0-67 

14 

36 

4 

1-20 

16 

43 

6 „ 

2'10 

10 

61 

6 

3-3 

17 „ 

61 

7 

4’8 

18 

72 

8 

O-O 

19 

83 

9 

8'9 

20 

96 

10 

12'2 

21 

108 

11 „ 

10'6 

22 „ 

120 


§ (18) ThB SpHUD OB’ THE CATHODE RaYS. — 
If the exciting voltage is uniform and a mag- 
netic field be aixpliod to tho cathode rays, the 
band of rays is deflected as a whole to an 
extent dependent on the magnetic field and 





606 


RADIOLOGY 


the speed of the cathode rays. If the exciting 
voltage is pulsating, and a similar experiment 
be tried, a magnetic spectrum of cathode rays 
is formed, the least deflected band of rays 
corresponding to the highest speed rays whieh 
owe their veloeity [v) to the maximum voltage 
(V) applied. 

Since the energy of the electron is ec^ual to 
the work done in expelling it, we have 

^mv^ = Ve, 

where e and m are respectively the electronic 
charge and mass. Substituting the accepted 
value of e/m 

V = 2-8uM0-«, 

where V is in volts and w is in cm. per sec. 

It is thus possible by measuring v by means 
of the magnetic deflection in a known field to 
arrive at the value of V. 

§(19) The “ QuAKTxrM Limit” to the X- 
RAYS. — ^The X-ray spectrometer has brought 
out the truth of a remarkably simple relation 
between the voltage applied to an X-ray bulb 
and the shortest wave-length emitted. It is 
now well known that, no matter whether the 
exciting voltage is constant or pulsating, a 
spectrum of X-rays is generated containing a 
wide range of wave-lengths. This spectrum is 
terminated very definitely at the short-wave 



end {Fig. 9) at a point determined by Planek’s 
quantum ^ relation 

ye=ht^, 

where 

V is tile maximum voltage applied, 
e is the electronic charge, 
h is Planek’s universal constant, 
p is the frequency of the limiting wave. 

Substituting the accepted values of the con- 
stants in the above equation, we have 

Voltage = 12,400/wave-length in A.U. 

It is obvious that the X-ray spectrometer can 
thus be utilised in some convenient form as a 
means of measuring the maximum effective 
voltage applied to a tube. 

§ (20) The Maximum Spark Gap. — The 
maximum voltage applied to a tube is most 

* See “ Quantum Theory,” § (1). 


commonly measured by 'means of the alter- 
native spark gap between points or spheres. 
Some experience is necessary, especially in the 
case of a gas X-ray tube, where the method 
tends to give too high values, especially with 
pulsating potentials. In the case of Coolidge 
radiator tubes excited by unrectified alternat- 
ing potential, the spark gap will register the 
“ inverse ” voltage rather than the lower 
“ effective ” voltage. 

The work of Peek and others has shown that 
a spark gap between spherical electrodes of 
equal size is preferable to that between points. 
The spark between points is now genei'aUy 
discredited for high voltages on account of 
its inconsistent dependence on atmospheric 
humidity and frequency of discharge. By 
reason of its time-lag, its readings may be 
largely in error, in the case of high-frequency 
steep impulses. 

On the other hand, frequency and wave 
shape have na appreciable effect in the case 
of the sphere gap, and the effects of variation 
in the atmospheric conditions are well known, 
and can be readily corrected for. 

The size of the spheres is important. A 
good rule is not to use a gap bigger than the 
diameter of either of the balls, though some 
latitude may be permitted in this direction. 
The main point is to avoid the break-down 
discharge being preceded by brush-discharge 
or corona, otherwise a pulsating discharge will, 
in general, give gap readings much too high. 
With the above precaution, a sphere gap is 
capable of measuring (peak) voltages from, 
say, 10,000 volts to 500,000 to an accuracy of 
about 2 per cent. 

The table below is based on Dr. A. Russell’s 
formula and incorporates the latest results of 
the American Institute of Electrical Engineers 
(1918). It includes also, for convenience, a 
column of figures for a needle point gap (No. 00, 
new sewing needles) which furnish a rough 
notion of the voltages for an instrument which 
is still much used. The A.I.E.E. recommend 
that for voltages above 70,000 (and preferably 
above 40,000) a sphere gap should always be 
employed. 

The gap should not be exposed to any 
extraneous ionising influence, such as an arc 
or an adjacent spark, nor should the gap be 
enclosed. The first spark is the one for which 
the reading should be taken. The use of a 
water resistance in series with the gap will 
prevent arcing and pitting of the sphere sur- 
faces. 

§ (21) Spark-gap Voltages at 760 mm. 
Pressure and 25° C. — Where any gap is 
being used outside its recommended limits, 
the figures are shown in brackets. The blank 
spaces indicate that the gap is no longer suit- 
able. The gaps are given to three significant 
figures for interpolation purposes. 
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Table A 


Kilo 

Volts 

(peak). 



Diameter of Spheres. 



Needle Points. 

2-5 cm. 

5 cm. 

10 cm. 

25 cm. 

50 cm. 


cm. gap. 

inches gap. 

cm. gap. 

cm. gap. 

cm. gap. 

cm. gap. 

cm. gap. 

5 

(0-42) 

(0-17) 

(0-13) 


(0-15) 

(04G) 

mSiSm 


(0-85) 

(0-33) 

0-27 


0-30 

0-32 


15 

1-30 

0-61 

0-42 

0-44 

0-4G 

0-48 


20 

1-76 

0-G9 

0-58 


0*02 

0-04 


26 

2-20 

0-87 

0-76 


0-78 

0'81 


30 

2 -09 


0-96 


0-95 

0-98 


35 

3-20 

1'2G 

117 

M2 

M2 

1-15 

1-18 

40 

3-81 


1-41 

1-30 


1-32 

1-35 

45 

4-49 

1-77 

1-68 

1-60 

1-47 

1-49 

1-62 

60, 

6-20 

2-06 

2-00 

1-71 

1-05 

I'OG 

l'C9 

CO 

C-81 

2-68 

2-82 

2'17 

2-02 

2.01 

2-04 

70 

8-81 

3-47 

(4-06) 

2-08 

2-42 

2-37 


80 

(IM) 

(4-36) 


3-2() 

2-84 

2-74 

2-75 

90 

(13-3) 

(5-23) 


3 -94 

3-28 

3-11 

3-10 


(15-5) 

(C-10) 


4-77 

3-76 

3 49 

3 -40 

110 

(17-7) 

(6-90) • 


6-79 

4'26 

3-88 

3-83 

120 

(19-8) 

(7-81) 


{7-07) 

4-78 

4-28 

4-20 

130 

(22-0) 

(8-C6) 



6-35 


4-67 

140 

(24-1) 

(9-48) 




5-10 


160 

(2C-1) 

(10'3) 



C-64 

6-52 

6-32 

ICO 

(28-1) 

(IM) 



7-37 

5-05 

5-70 

170 

(30-1) 

(IPO) 



8-l() 

G'39 

O'OO 

180 

(32-0) 

(12-0) 




G-84 

0-48 


(33-9) 

(13-3) 




7-30 

0-88 


(36-7) 

(14-0) 



IM* 

7-70 

7-28 

210 

(37-6) 

(14-8) 



(12-3) 

8-24 

7-08 

220 

(39-5) 

(15 -6) 



(13-7) 

8-73 ■ 

8-09 

230 

(41-4) 

(10-3) 



(15-3) 

t)-24 

8-50 

240 

(43 -3) 

(17-0) 




9-70 

8-92 


(45-2) 

(17-8) 




10-3 

9-34 


§ (22) CoRBECTiON iron Density oe Air. — 
Applicable, only to sphere gaps. The foliow- 
ing table gives the relative air density under 
different conditions. The figures are relative 
to dry air at 25° C. and 760 mm. pressure : 


Table B 


Temperature 

“0. 

PrcBsuro 
720 mm. 

Preaauro 
740 mm. 

Preeaure 
700 mm. 

PreBsiire 
ITSO intn. 

0 

1-04 

106 

1-09 

112 

10 

1-00 

1'02 

1-05 

1-08 

20 

0-9G 

0-99 

102 

1-04 

30 

093 

0-90 

0-98 

101 


Within the limits of the above table the 
correction factor for a sphere gap agrees sub- 
stantially with the relative air density. Thus 
for a given length of spark gap, the tabulated 


Jcilo-voltago in Table A must bo multiplied by 
the appropi'iate corj-ootion factor in Table B. 
Alternatively, to calculate the gap which will 
just be sparked over by some specified voltage, 
the voltage must first bo divided by the 
appropriate correction factor before Table A 
is used. 

It will be seen that under normal conditions 
the correction is small or negligible. 

§ (23) Peneteometebs. (i.) Benoist Penetro- 
meter . — Among medical men Benoist’ s radio - 
chromometor or penetrometer enjoys extensive 
use as a measurer of hardness. It consists of 
a thin silver disc O-ll mm. thick, surrounded 
by twelve numbered aluminium sectors from 
I to 12 mm. thick. The X-rays are sent 
through the instrument, and the observations 
consist merely in matching on a fluorescent 
screen or photographic plate the image cast 
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by the silver disc against the images of the 
aluminium plates : the thicimess of the match- 
ing sector increases with the hardness of the 
rays. A notion of the discharge potential 
across a tube may be got from the very rough 
relation that the voltage is from 8000 to 10,000 
times the Benoist reading of the X-rays. 

(ii.) Walter Penetrometer . — ^This consists of a 
number of holes in a lead disc, which are 
covered by a sequence of platinum discs of 
gradually increasing thickness. 

(iii.) Christen’s Half-value Penetrometer . — 
Christen adopts as a definition of quality the 
thickness of a layer of water (or, in actual 
practice, bakelite), which will reduce the in- 
tensity of a beam of rays to half its original 
value. 

The rays are sent through a stepped wedge 
of bakelite, alongside which is a perforated 
metal plate. This provides a standard of 
reference on a fluorescent screen, the two 
images being side by side. The holes in the 
plate are so designed that the area of the 
metal removed equals that which remains, so 
that the plate by this means reduces the 
intensity of a beam of rays to half- value. The 
holes are small enough to produce uniform 
illummation on a screen j)laced a short distance 
behind the plate. 

§ (24) Qualimeters. — (i.) Bauer Qualimeter. 
— This is a type of semi-electrostatic volt- 
meter, which serves to measure the potential 
difference between the electrodes of a tube. 

(ii.) Klingelfuss Qualimeter consists of an 
auxiliary search coil and electrostatic voltmeter. 
The instrument works similarly to the Bauer. 

The hardness-numbers of the various pene- 
trometers are all much the same as Benoist’ s, 
except those of Wehnelt, which are 50 per cent 
bigger for the same quality of rays. 

§ (26) Methods of Measheino Intensity. 
— The intensity of the X-rays at a particular 
point is defined as the energy falling on one 
square centimetre of a receiving surface passing 
through the point and placed at right angles 
to the surface. The question is thus on all 
fours with that of illumination ivith visible 
light, and the need of a unit of “ candle- 
power ” in X-ray work is becoming pressing. 

The work of a number of experimenters with 
the X-ray spectrometer has shown that the 
energy E emitted per second by an X-ray bulb 
may be written 

E= &NiV2, 

where 

V is the voltage on the tube, 
i is the current through the tube, 

N is the atomic number of the target, 
i; is a constant. 

The value of h will depend on whether a gas 
or a hot-cathode tube is employed, and also 
on the type of exciting potential. The above 
expression refers only to the general or “ white ” 


X-radiation. If the voltage is such as to excite 
the characteristic radiations, the voltage comes 
in as a higher-powered term than V^, and the 
efficiency increases correspondingly. 

Measurements of the value of k have been 
made, and result in showing, unfortunately, 
that the efficiency of an X-ray bulb is de- 
plorably small, of the order of 1 part in 1000. 
The chances that a cathode ray will ultimately 
come into suitable conflict with some atom 
and so generate an X-ray are slight. We 
raise those chances by increasing either the 
exciting voltage or the mass of the atom of 
tlie target. 

The X-ray emission is virtually distributed 
over a sphere, or, more practically, over a 
hemisphere, since the target blocks out most 
of one half of the sphere of radiation. 

Thus the intensity (comprising all wave- 
lengths) falling on a square centimetre at dis- 
tance d from the anticathode may be written 

kmY^ 

• 

If the length of exposure is t secs, the total 
amount of energy received becomes 

kmYH 

• 

It is apparent that we can base on this relation 
a system of X-ray intensities and “ doses,” 
provided we can measure i and V and be 
certain to what extent each is effective in 
generating rays which are of practical utility. 

In practice we almost always filter out the 
long waves, and we shall need then to know 
the new value of k, so as to correct for the 
proportion of i which is not usefulW employed. 

The measurement of all the terms in the above 
expression, except perhaps i and V, offers no 
difficulty, i can be measured by a milli- 
ammeter of suitable design, which even with 
rapidly pulsating currents appears to indicate 
the mean current, as has been verified by the 
use of the voltameter and oscillograph. 

The mea.aurement of V has already been 
referred to above. If the exciting potential 
is constant, it can be measured by a resistance 
type of voltmeter in series with a high resist- 
ance. If the potential is fluctuating, recourse 
will usually be had to the sphere spark gap. 
The voltages are mostly too high for an electro- 
static voltmeter. 

In addition to the above method, the radio- 
logist has employed a variety of means of 
measuring the intensity of X-rays at some 
selected point in the beam. To this end one 
or other of the properties of the rays have 
been utilised — ^heating, ionising, photographic, 
fluorescing, or chemical. 

The heating effects are minute and the 
method is only fitted for the research 
laboratory. 
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(i.) Ionisation Methods . — When X-rays pass 
through a gas they impart to it a temporary 
electrical conductivity, the extent of which 
depends on the number of ions formed and 
thus on the amount of energy absorbed in the 
gas. An ionisation method of evaluating 
X-rays thus resolves itself into the measure- 
ment of a minute electric current. For this 
purpose an electroscope or electrometer is 
commonly employed, and the delicacy and 
convenience are such that the method has 
found almost universal acceptance among 
research workers. 

But in medical radiology the method is 
only beginning to find favour, more especially 
in deep therapy. The iontoquantimeter of 
Szilard was one of the first instruments to be 
designed on this basis. In its most recent 
development a part of the quantimeter is 
sometimes actually introduced into the 
affected organ, and the rays measured which 
are actually received at the point concerned. 

The ionisation method is unapproached in 
sensitiveness by any other method ; it does 
not dej)end dominantly upon any selective 
process, and it is reasonable to anticipate that 
some unit of dosage thus developed and 
connected maybe with the accepted radium 
standard Avill ultimately receive recognition 
as a standard. 

(ii.) Photographic and Fluorescence Methods. 
— Photographic plates record only about 1 per 
cent of the energy of the X-rays, but neverthe- 
less a method of measuring intensity by this 
means has been developed and finds favour 
with some workers. 

As is the case with most typos of intensity 
meters the short-waved rays are recorded 
disadvantageously compared with the soft 
rays. Furthermore, a photographic film be- 
trays marked selective absorption, and the 
photographic effect may be quite misleading 
in consequence. 

To the worker with hmited resources the 
photographic method of measuring intensity 
offers advantages because of its simplicity. 
Some form of opacity-meter for obtaining 
a measure of the density of the image is 
the chief requirement. The opacity meter 
measures the extent to which a standard 
beam of light is cut down by the photographic 
film whose density is required. If Iq is the 
intensity of the (homogeneous) testing light 
which is incident on the developed film, and 
I< that of the transmitted light, then, if fix 
is the fraction of the energy which is absorbed 
by a very small thickness, x, of the film, 

where d is the thickness of the film. The film 
is assumed to be equally dense throughout its 
thickness. 

For films of uniform thickness, d is constant. 


so that fi is proportional to log (lo/I*). fi is 
called the absorption coefficient ; (In/I«) is 
known as the opacity, and measures the 
number of times the incident light is cut down. 
Log (Ifl/It) is termed the opacity logarithm. 
The transparency is the reciprocal of the opacity. 
Now, by definition, fi is proportional to the 
density of the image — i.e. to the amount of 
silver per unit area of film. Thus the ratio 
of two opacity logarithms gives the ratio of 
the film densities, and therefore the ratio of 
the photographic energies in the two cases. 
The opacity meter is graduated to read 

directly in opacity logarithms. 

In fluorescence methods the luminosity is 
matched against some standard fluorescence 
excited by a steady source of radiation such as 
radium. The drawback to such methods is 
that the fluorescing salt becomes “ tired ” 

under the action of the rays. The sensitivity 
of a screen may also vary considerably from 
point to point, so that it is difficult to make 
a fair comparison. Barium platinooyanido is 
the material commonly used to sensitise a 
fluorescent screen. This salt, which lias the 
formula BaPt(CN) 4 , ttIgO, exists in three 

different forms, of which the green crystal- 
line variety is by far the most efficient for 
fluorescing purposes. 

(iii.) Chemical and Other Methods . — In the 
theraiieutio use of X-rays, various chemical 
reactions brought about by the rays have 
boon suggested and employed from time to 
time as aids to “ dosage ” ; fur example, 

the discolouring of various alkaline salts 
(Holzkneoht, 1902) ; the liberation of iodine 
from a 2 per cent solution of iodoform in 
chloroform (Freund, 190(1 ; Bordior and 
Galimard, 1906) ; the darkening of a photo- 
graphic paper (Kienbdck) ; the precipitation 
of calomel from a mixture of mercuric chloride 
and ammonium oxalate solutions (Schwarz, 
1907) ; and the change of colour of pastilles 
of compressed barium platinooyanido (Sabour- 
aud-Noir6 and Bordior). X-rays resemble 
light in their property of lowering the electrical 
resistance of selenium ; tlm property, if the 
pronounced fatiguing of the selenium could 
bo overcome, would doubtless furnish the 
basis of a very convenient method of measure- 
ment, though Fiirstenau in his intensimeter 
claims to have got over this difficulty. It 
must be admitted that most of those methods 
provide little more than the roughest notion 
of the intensity of a beam of ordinary hetero- 
geneous X-rays. 

Of all the various intensity- measurers, the 
pastille finds most favour with medical men. 
The barium-platinocyanide discs are some 
6 mm. in diameter, and their colour, initially 
a bright green, changes, when exposed to the 
rays, to a pale yellow, and finally to a deep 
orange. The pastille is placed at a specified 
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distance from the anticathode of the bulb, 
and the colour is matched against one of a 
number of standard tints. The method is 
easy in practice, and is fairly reliable as a guide 
for short exposures, but it is not trustworthy 
for heavily filtered or very penetrating rays. 
The pastille method is defective in that it 
attempts to measure rays. of aU qualities by 
a surface coloration. Other platinocyanides 
show similar colour changes when exposed to 
X-rays. Levy has show that the change 
of colour is due to a change from the crystalline 
to the amorphous condition. If the pastille 
is put aside, the reverse change slowly takes 
place, especially in the presence of light, so 
that the pastille should not be exposed to 
full daylight during the X-ray treatment. 
Ultra - violet light and radium rays cause 
similar browning in such pastilies. 

The following table gives an. idea of the relation 
between the different dosemeter scales : 

6H units (Holzkneeht ; alkaline salt) 

=Tint B (Sabouraud-Noir6 ; pastille) 

=Tint 1 (Bordier; varnished pastille) 

= .3 to 41 (Bordier and Galimard; iodine solution) 

= 10X units (KienbSok; photographic plate) 

= 3 '6 kaloms (>Schwarz ; mercury solution) 

=Villard dose. 

§ (26) Effeot oe Wave Form; oe ExoiTiNa 
Potential. — So long as radiologists confined 
their measurements on the X-ray bulb to the 
railliammeter and the point gap, little progress 
was made on the subject of the best form of 
exciting potential wave. It was realised that 
the milUammeter was often misleading if used 
alone, but insight into the problem only came 
witb the use of the X-ray spectrometer and 
the oscillograph. 

The oscillograph (preferably of the cathode 
ray type) should be arranged to give simul- 
taneous graphs of both potential and current 
wave forms. The spectrometer analyses the re- 
sulting X-ray output and gives the distribution 
of intensity among the various wave-lengths. 

Work such as this has show the truth of 
what might have ,been anticipated on a priori 
grounds, i.e. the importance in pulsating 
discharges of keeping the conditions so that 
the potential and current curves are in phase. 
In other words, for efficient output of X-rays 
as much of the current as possible should be 
sent through the tube with the maximum 
potential actuating it. 

As the output of X-rays depends on the 
square of the voltage, the ideal state of 
things would appear to be to rush the potential 
as quickly as possible to the maximum and 
keep it there for as long as any current is 
passing. Voltages lower than the maximum 
are loss efficient. 

In practice much depends on the type of 
X-ray bulb used — whether gas or hot cathode. 


and it will be instructive to compare the 
behaviour of three main types of exciting 
potentials (a) constant potential, (6) sinusoidal 
transformer discharge, (c) sharp -peaked pulsat- 
ing coil discharge, all running under the same 
maximum voltage and the same miUiamperage. 

First take the case of the Coohdge tube. 
Owing to the existence of the saturation 
current, the shape and limits of the current 
curve are greatly dependent on the char- 
acteristics of the potential wave {Fig. 10). 
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With constant potential, the current remains 
constant at its saturation value. In the case 
of the transformer loop the current rises gradu- 
ally to its saturation value and dies away 
again as the potential loop terminates. In 
the case of the coil and interrupter, the current 
again rises to its, saturation value, but as a 
whole the current curve is prone to lag behind 
the potential curve. The defect, which is due 
to arcing within the interrupter, increases as 
the current through the tube is increased. 
This is the explanation of the well-know 
fact that as the current is raised the output 
of X-rays increases only slowly and by no 
means proportionately. A partial cure is to 
raise the speed of the interrupter, as in the 
Wehnelt break. 

We are led to anticipate the results of the 
spectrometer curves. Remembering that the 
area of each curve is a measure of the total 
output of radiation, we see from Fig. 11, which 
gives intensity in terms of wave - length 
(derived from Dauvillier), that the constant 
potential is the most efficient, then the trans- 
former, and lastly the coil. Furthermore, the 
crest of the curve is of slightly shorter wave- 
length in the case of the constant potential. 
It may be added that the superiority of the 
constant potential becomes less marked as the 
potential rises. 

If we now consider the case of the gas tube, 
the current curves prove, in most circum- 
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stances, to be quite different from those for 
the Coolidgo tube (Fig. 10). The current 
curve now exhibits no saturation value, but 
consists instead of a succession of peaks, no 
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Waue Length • 


Tig. 11. 

matter whether the exciting potential is 
constant or varying. The constant potential 
produces, so to speak, all the effects of an 
intermittent one. In the case of the trans- 
former the middle portion of the potential 
loop produces a number of current peaks 
whose heights wax and wane mth the poten- 
tial. The coil produces one or more current 
peaks corresponding to each potential peak. 
We are led to infer that the spectral curves 
for the different excitants will not differ 
appreciably, and this proves to be the case. 
Fig. 12 gives the curves derived from three 
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Fig. 12. 

different excitants. Further, the maxima of 
the several spectral curves all agree in wave- 
length. We realise then that the shape and 
limits of the spectral curve are determined 
mainly by the tube rather than by the 
excitant. 

In the case of both gas and hot cathode 
tubes there is a variety of factors which may 
modify the various curves and graphs appreci- 
ably in detail, without affecting the .main 
outlines. 

To sum up, we may conclude that for 
maximum ef0.ciency in the case of a Coolidgo 
tube we should raise the potential on the tube 
as high as is expedient or possible and keep 
it there. Thus the ideal excitant would appear 
to be constant potential or, failing that, a 
transformer of high frequency. 


The “ shock tactics ” of a coil, which are 
largely W'asted on a Coolidge tube, are doubt- 
less well adapted to a gas tube owing to its 
characteristic way of breaking down under 
potential stress. From 'a practical jioint of 
view, the transformer potential wave is prob- 
ably not quite so well suited to a gas tube, 
but constant potential should prove very 
effective apart from difficulties of generation, 
etc. The practical difficulties of obtaining an 
equally high constant potential or maximum 
transformer voltage (selectively rectified) are 
probably greater, but otherwise they would 
seem to offer advantages equal to those of 
the coil. 

The interval betw'een the discharges of a 
coil-driven bulb is not without its advan- 
tage in helping to keep down the tempera- 
ture rise of the target. But with a mercury 
break under ordinary conditions this interval 
amounts to about 90 per cent of the time 
between successive impulses, and is needlessly 
long. In the case of a single-phase trans- 
former the corresiionding figure is of the order 
of 60 per cent. 

We can raise the efficiency of the coil or 
transformer by increasing the frequency 
substantially, and so crowd in more impulses 
per second, though the increased heating of 
the target may have to be mot. If, further, 
in the case of a coil, we raise the voltage on 
the primary and increase the capacity of the 
condenser, wo can produce a series of flat- 
topped peaks with little or none of the “ tail ” 
in evidence. Wo arc thus approximating 
more and more to the transformer (selectively 
rectified) and, in the limit, the ideal steady 
potential. During these changes the readings 
of the milliammeter will approach more and 
more the effective values from an X-ray jjoint 
of view. 

§ (27) Constant Poticntial. — The value of 
constant potential has been I'cforrod to. It 
is not only an efficient moans of generating 
X-rays, but it permits inooise measuyoment. 
As already remarked, the superiority of con- 
stant over varying potential is loss marked 
as the voltage is increased, except when the 
characteristic radiations begin to bo generated, 
when the constant potential increases its rela- 
tive effectiveness. Moreover, constant poten- 
tial is admirable in its precision for thera- 
peutic purposes. In radiography it generates 
sufficient diversity of wave-lengths to give 
good contrast and detail. 

Those workers who have used the influence 
machines in America and elsewhere speak 
highly of the results. There is a great future 
for a static machine of engineering design and 
large output which will defy the varying and 
generous humidity of this country. 

The only other means of obtaining steady 
potential are by use of the transformer 
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together with the Kenetron or hot-cathode 
valve. These latter can now be obtained to 
rectify 100,000 volts. By the use of 3-phase 
current and 6 kenetrons a voltage fluctuating 
only 15 per cent can be obtained. There are 
a variety of ways of combining kenetrons with 


li’ia. 13. 



condensers and inductances, so that the varia- 
tion in the resulting potential is trifling. For 
example [Fig. 13), Hull of the G.E.C. Labora- 
tory at Schenectady has so transformed and 
rectified 150 volts A.O. (co = 2000) to 92,000 



with a fluctuation of about 1 per cent [Fig. 
14 ) ; or 60,000 volts with a fluctuation of 
only yV cent. 

§ (28) Homogeiteotjs X-eays. — An ideal 
of the radiologist has always been a means 
of producing homogeneous X-rays, so that, 
among other things, a precision dose can be 
the better formulated in therapy. While all 
X-ray beams are heterogeneous, they tend to 
become less so as the voltage is raised and the 
rays are filtered by the right choice of substance 
of a suitable thickness. This may be seen 
either from absorption curves or, more accur- 
ately, from spectral distribution curves. 

But the nearest approach to homogeneity 
can be reached by operating the X-ray bulb at 
a voltage somewhat above one of the critical 


values necessary to generate one of the three 
known characteristic radiations (K, L, M) of 
the anticathode, and then filtering by a screen 
either of the same element as the anticathode 
or, preferably, by an element of slightly smaller 
atomic number. We have already remarked 
that above the critical voltage the character- 
istic radiations are generated more copiously 
than the general radiation. The voltage should 
not be too high, however, or short-wave 
general radiation Avill begin to make its appear- 
ance and will not be removed by filtration. 
There is, in fact, an optimum voltage. For 
example, while the critical voltage for the K 
radiation of tungsten (At. No. =74) is about 

70.000 volts, the optimum voltage is about 

100.000 volts A filter of tungsten or tantalum 
(At. No. =73), 0-15 mm. thick [Fig. 15; Hull), 



Fig. 15. 

removes most of the general radiation, but 
leaves both the j8 and a components of the K 
radiation. An equally thick filter of ytterbium 
(At. No. =70) would leave only the a com- 
ponent, with an intensity at least 30 times that 
of the remaining general radiation. Similarly 
for molybdenum (At. No. =42) the optimum 
voltage is about 30,000 and the best filter 
zirconium (At. No. =40) (see Fig. 16; Hull). 
Tungsten would be a good filter for platinum 
radiation (At. No. =78). 

At the National Physical Laboratory there is 
a battery of X-ray tubes each with a different 
anticathode, so that a variety of homogeneous 
rays can be obtained. Unfortunately such 
beams are of feeble intensity. 

V. X-RAYS AND Medicine 

§ (29) Radiography. — X-rays have become 
one of the handmaidens of medicine, a fact 
which is bound up with the great improve- 
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ments of recent years in X-ray equipment and 
technique, which have given the diagnostic 


Stones in the kidney and (more recently) the 
gall-bladder, diseases of the liver and pelvic 
organs, incipient tuber- 



alimentary canal are routine — stricture of the 


X-rays were also used to guide the surgeon 
dui'ing his actual efforts to remove foreign 



Pig. 17. — Hadiograph of Hand (January 1896) ; 
Exposure 20 rain. (Campbell-Swlnton). 

oesophagus, stomachic disorders, diseases of the 
appendix and colon, etc. , can all be demonstrated 
by the X-rays with the assistance of special 
food containing matter opaque to the rays. 



Fig. 18.— Radiograph of Hand (January 1920) ; 
Exposure tAn sec. (Knox). Showing iin- 
monso advance In tnehniriuo, although ex- 
posure only TinAinn of exposure in Fig, 17. 


bodies. Cleverly designed X - ray motor- 
lorries permitted early examination in the 
field. In the case of eye wounds X-ray 
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stereoscopy attains its fullest delicacy, and the 
location of small foreign bodies can be carried 
out to the hundredth part of an inch. Another 
war development of radiology was its employ- 
ment by the orthopaedic surgeon in his efforts 
to restore damaged limbs. Many hundreds of 
thousands of radiograplis were taken at the 
various hospitals during the war. 

§ (30) Radiotherapy. — ^The X-rays possess 
valuable projoerties in the treatment of malig- 
nant disease. The living cells have the power 
of resisting or resjjonding to X-rays, while 
malignant cells disappear with suitable 
“ dosage.” The treatment has, for example, 
been largely and successfully employed for 
rodent ulcers, and much attention is being paid 
to the cure of cancer. •' 

In many" skin diseases the X-rays have 
proved to be of notable service. For example, 
they are now the accepted and certain means 
of curing ringworm. The “ dose ” is all- 
important, for the sweat glands and hair 
follicles are also affected and, with excessive 
exposure, may even be destroyed, the result 
being baldness. 

The corpuscles of the blood are prejudicially 
affected by X-rays, resulting in a form of 
aplastic anaemia. Curiously enough, the rays 
seem to have little or no action on bacteria or 
their spores, and in this respect stand out in 
marked contrast to ultra-violet light. 

Deep - seated organs are now frequently 
treated by X-rays. In deep radiotherapy 
modem technique is tending in the direction of 
administering massive doses of X-rays in the 
shortest possible time, always having regai'd 
to the safety of the overlying skin. In other 
words, ” shock tactics ” are used, and the wave 
form of the exciting potential may prove to be 
important in this connection. The soft rays 
are removed by using metal filters (A1 or Zn) 
with a coating on the side nearest the skin of 
wood or leather, so that no characteristic 
radiation may play on the skin. Over-dosage 
of the skin is also avoided by employing 
multiple parts of entry, each of the various 
beams being properly directed at the deep 
affected tissue. 

The chief hindrance to precise radiotherapy 
at the present time is probably the lack of a 
means of measuring the dose of radiation 
absorbed by the particular region concerned, 
especially if it be at a depth in the body. On 
physical grounds, at any rate, it would seem 
that it is only those rays which are absorbed 
which can produce physiological changes, and 
only such rays should be included when speak- 
ing of a dose. It may be, of course, that 
selective action is present, and tliat only a 
restricted range of wave-lengths is appropriate 
for the conversion of energy in the correct spot. 
With this reservation it would seem that the 
degree of reaction should be a function of the 


absorbed and converted energy. The problem 
is comirhcated by the lack of homogeneity of 
the primary beam. 

Among the tragedies of the war, few were 
more pathetic than the ghastly disfigurements 
caused by shell wounds of the face and head. 
Fortunately it was often possible, by the 
wonderful grafting oirerations of the surgeon, 
to restore at least a semblance of the patient’s 
former api^earance. Lips were renewed, new 
noses built up, eyelids replaced, cavities in 
the palate filled in by flaps taken from the 
skin or scalp. The scar-tissues and flaps were 
kept pliant and adaptable by “ spra3dng ” with 
X-rays, which also served to depilate hair and 
to stimulate the healing process in both flaps 
and bone. 

§ (31) X-RAY Proteotion. — As already re- 
marked, the X-rays possess in a marked degree 
the property of affecting animal tissue. As 
many of the earlier workers found to their cost, 
the effects of over-exposure to the rays may 
ultimately prove fatal. In view of the great 
public interest which the subject has excited, 
and the fact that complete safeguards are 
possible, the recent (1921) report is appended 
of a representative committee which reviewed 
the whole question in the light of present-day 
knowledge. The recommendations are many- 
sided and cover most of the points which 
experience has suggested both in X-ray and 
ra^um practice. 

It may hero be remarked that with exciting 
voltages in the region of 200,000, 3 mm. of 
lead reduces the intensity of X-rays over 10,000 
times ; 11) mm. of lead over 1 million times. 
Good lead-impregnated rubber sheet is ordin- 
arily equivalent to about J or J of the same 
thickness of lead sheet. For lead glass the 
corresponding flgure is ^ to although it is 
possible to obtain glass with a figure of j-. 

The dangers of scattered X-rays should be 
realised, particularly with very high exciting 
voltages. One of the best remedies is to 
enclose the bulb itself as completely as pos- 
sible with adequate protective material. The 
report in question is as follows : 

Inlroduclion 

The danger of over-exposure to X-rays and radium 
can be avoided by the provision of efficient protection 
and suitable working conditions. 

The luiown effects on the operator to be guarded 
against are : 

(1) Visible injuries to the superficial tissues which 
may result in permanent damage. 

(2) Derangements of internal organs and changes 
in the blood. Those are especially important, as 
their early manifestation is often unrecognised. 

General Becommendations 

It is the duty of those in charge of X-ray and 
Radium Departments to ensure efficient protection 
and suitable worldng conditions for the personnel. 
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The following precautions are recommended : 

(1) Not more than seven working hours a day. 

(2) Sundays and two half-days off duty each week, 
to be spent as much as possible out of doors, 

(3) An annual holiday of one month or two 
separate fortnights. 

Sisters and nurses, employed as whole-time workers 
in X-ray and Radium Departments, should not bo 
called upon for any other hospital service. 

Protective Measures 

It cannot be insisted upon too strongly that a 
primary precaution in all X-ray work is to surround 
the X-ray bulb itself as completely as possible with 
adequate protective material, except for an aperture 
as small as possible for the work in hand. 

The protective measures recommended are dealt 
with under tlio following sections : 

I. X-rays for diagnostic purposes. 

II. X-rays for superficial therapy. 

III. X-rays for deep therapy. 

IV. X-rays for mdustrial and research prirposes, 

V. Electrical precautions in X-ray Departments. 

VI. Ventilation of X-ray Departments, 

VII. Radium therapy. 

It must be clearly understood that the protective 
measures recommended for these various purposes 
are not necessarily interchangeable ; for instance, to 
use for deep therapy the measures intended for super- 
ficial therapy would probably subject the worker to 
serious injury. 

I. X-rays for Diagnostic Purposes 

(1) Screen Examinations. — (a) Tho X-ray bulb 
to bo enclosed as completely as possible with pro- 
tective material equivalent to not loss tlian 2 mm. 
of lead. The material of the diaphragm to be 
equivalent to not less than 2 mm. of load. 

(6) Tho fluorescent screen to be fitted with load 
glass equivalent to not less than 1 mm. of load 
aird to be large enough to cover tho area irradiated 
when the diaphragm is opened to its widest. (Practi- 
cal diffioirlties militate at present against tho recom- 
mendation of a greater degree of protection.) 

(c) A travelling protective screen, of material 
equivalent to not less than 2 mm. of load, should 
be employed between tho operator and tho X-ray 
box. 

(d) Protective gloves to bo of load rubber (or the 
like) equivalent to not loss than mm. of load and 
to be lined with leather or other suitable material. 
(As practical difficulties militate at present against 
tho recommendation of a greater degree of protection, 
all manipulations during screen examination should 
be reduced to a minimum.) 

(e) The X-ray bulb to be used at as great a distance 
and emitting as little radiation as is consistent with 
tho efficienoy of the work in hand. Screen work 
to be as expeditious as possible. 

(2) Madiographic Examinutions (“ Overhead ” 
Equipment). — (a) The X-ray bulb to bo enclosed as 
completely as possible with protective material 
equivalent to not less than 2 mm. of lead. 

(b) The operator to stand behind a protective 
screen of material equivalent to not less than 2 mm. 
of lead. 


II. X-rays for Superficial Therapy 

It is difficult to define tho line of demarcation 
between superficial and deep therapy. 

For this reason it is recommended that, in the 
reorganisation of existing or the equipment of now 
X-ray departments, small cubicles should not be 
adopted, but that tho precautionary measures sug- 
gested for deep therapy should be followed. 

The definition of superficial therapy is considered 
to cover sots of apparatus giving a maximum of 
100,000 volts ( 15 cm. spark-gap between points ; 
6 cm. spark-gap between spheres of diameter 
5 cm.). 

Cubicle System. — Where tho cubicle system is 
already in oxistonco it is recommended that 

(1) Tho cubicle should bo well lighted and 
ventilated, preferably provided with an oxliaust 
electric fan in an outside wall or ventilated shaft. 
Tho controls of tho X-ray apparatus to bo outside 
the cubicle. 

(2) Tho walls of tho cubicle to bo of material 
equivalent to not loss than 2 mm. of load. Windows 
to bo of load glass of equivalent thickness. 

(3) Tho X-ray bulb to bo enclosed as completely 
as possible with protective material equivalent to 
not less than 2 mm. of load. 

III. X-rays for Deep Therapy 

This section refers to sots of apparatus giving 
voltages above 100,000. 

(1) Small cubicles are not recommended. 

(2) A largo, lofty, well ventilated and lighted 
room to bo provided. 

(3) Tho X-ray bulb to bo enclosed as completely 
as possible with protective material equivalent to 
not loss than 3 mm. of lead. 

(4) A separate enclosure to bo provided for tho 
operator, situated as far as possible from tho X-ray 
bulb. All controls to bo within this enclosure, tho 
walls and whrdows of which to be of material equiva- 
lent to not less than 3 mm, of lead. 

IV. X-rays for Industrial and Research Purposes 

Tho preceding recommendations for voltages above 
and below 100,000 will probably apply to tho majority 
of conditions under which X-rays are used for 
industrial and research purposes. 

V. Electrical Precautions in X-ray Departments 

Tho following recommendations are made : 

(1) Wooden, cork, or rubber floors should bo 
provided ; existing concrete floors should bo covered 
with one of tho above materials. 

(2) Stout metal tubes or rods should, wherever 
possible, bo »isod instead of wires for conductors. 
Thickly- insulated wire is preferable to bare wire. 
Slack or looped wires are to bo avoided. 

(3) All metal parts of the apparatus and room to 
be efficiently cartliod. 

(4) All main and supply switches should bo very 
distinctly indicated. Wherever possible, doublo- 
polo switches should be used in preference to single- 
polo. Fuses no heavier than necessary for tho 
purpose in hand should be used. Unemployed 
loads to tho liigh-tension generator should not bo 
permitted. 
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VI. Ventilation of X-ray Departments 

(1) It is strongly recommended that the X-ray 
Department should not be below the ground level. 

(2) The importance of adequate ventilation in 
both operating and dark rooms is supreme. Artificial 
ventilation is recommended in most eases. With 
very high potentials coronal discharges are difficult 
to avoid, and these produce ozone and nitrous fumes, 
both of which are prejudicial to the operator. Dark 
rooms should be capable of being readily opened 
up to sunshine and fresh air when not in use. The 
walls and ceilings of dark rooms are best painted 
some more cheerful hue than black. 

VII. Radium Therapy 

The following protective measures are recom- 
mended for the handling of quantities of radium up 
to one gram : 

(1) In order to avoid injury to the fingers the 
radium, whether in the form of applicators of radium 
salt or in the form of emanation tubes, should be 
always manipulated with forceps or similar instru- 
ments, and it should bo carried from place to place 
in long-handled boxes fined on all sides with 1 cm. 
of lead. 

(2) In order to avoid the penetrating rays of radium 
all manipulations should bo carried out as rapidly 
as possible, and the operator should not remain in 
the vicinity of radium for longer than is necessary. 

The radium when not in use should be stored in an 
enclosure, the wall thickness of which should bo 
equivalent to not less than 8 cm. of lead. 

(3) In the handling of emanation all manipulations 
should, as far as possible, be carried out during its 
relatively inactive state. In manipulations whore 
emanation is lilcely to come into direct contact with 
the fingers thin rubber gloves should be worn. The 
escape of emanation should be very carefully guarded 
against, and the room in which it is prepared should 
be provided with an exhaust electric fan. 

Existing Facilities for ensuring Safety of Operators 

The governing bodies of many institutions where 
radiological wmrk is carried on may wish to have 
further guarantees of the general safety of the 
conditions under which their personnel work. 

(1) Although the Committee believe that an 
adequate degree of safety would result if the recom- 
mendations now put forward wore acted upon, they 
would point out that this is entirely dependent upon 
the loyal co-operation of the personnel in follow- 
ing the precautionary measures outlined for their 
benefit. 

(2) The Committee would also point out that the 
National Physical Laboratory, Teddington, is pre- 
pared to carry out exact measurements upon X-ray 
protective materials and to arrange for periodic 
inspection of existing installations on the fines of 
the present recommendations. 

(3) Further, in view of the varying susceptibilities 
of workers to radiation, the Committee recommend 
that wherever possible periodic tests, e.g. every three 
months, be made upon the blood of the personnel, so 
that any changes which occur may be recognised 
at an early stage. In the present state of our know- 
ledge it is difficult to decide when small variations 
from the normal blood-count become significant. 


VI. X-KA.y.s AND Materials 

In wellnigh every branch of industry the 
testing of materials has come to be of import- 
ance. With increasing knowledge and the 
stress of competition, a variety of testing 
methods have been evolved to ascertain 
quality and uniformity as determined by the 
several physical, chemical, and visual charac- 
teristics. Such tests are commonly conducted 
on samples wliich are selected to be as repre- 
sentative as possible. From the nature of 
things the value of the results is limited, and 
the engineer in particular is ever on the look- 
out for opportunities for further insight into 
the materials he employs. 

The employment of X-rays in the examina- 
tion of materials lies at present in two main 
directions : 

(1) X-ray crystallography or the study of 
crystal structure. 

(2) Radiography or X-ray shadow photo- 
graphy. 

§ (32) X-RAY CRYSTALLOaRARHY. — We can 
only refer to the great potentialities of the 
results of X-ray analysis as apjilied to crystal 
structure.^ It is a matter of great satisfaction 
to Enghshmen. to know how much the subject 
owes to Sir Wm. Bragg and his son, whose 
published work on the subject is of the highest 
fascination and importance. Several methods 
have been employed. In 1912 Laue at Munich 
sent a heterogeneous beam of X-rays through 
a thin crystal and photographically showed 
that a diffraction pattern was produced. The 
Braggs followed with the X-ray spectrometer 
in which monochromatic X-rays are reflected 
from the several faces of a crystal, and by 
that means proceeded to disclose the atomic 
architecture of a large number of crystals. 

The practical possibilities were greatly en- 
larged when Debye and Scherrer (at Zurich) 
and Hull (at the G.E.C. Research Laboratory, 
Schenectady) showed that large crystals were 
not essential, but that the method could be 
applied to an aggregate of finely powdered 
crystalline material, provided the orientation 
of the crystals were sufficiently random. This 
was a big step forward, for it enables the 
crystalline structure of a body to be examined 
even when the individual crystals are micro- 
scopic or ultra-microscopic in size. We now 
know that almost every solid substance 
betrays crystalline structure, and it would 
seem that the various physical properties — 
elasticity, hardness, melting points, etc. — are 
all manifestations of the various atomic forces 
which reveal themselves in the crystalline 
form. The very formation of soh’ds may be 
merely an outward and visible sign of crystal- 
lisation, and a definition of a “ solid ” may be 
so derived which is, at any rate, as adequate as 
^ See also “ Crystallography,” § (11). 
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others which have been framed. Not only the 
growtl; but the decay, the change-points, etc., 
can all he followed and watched without 
harming the body in any way. 

Wo have thus a new tool of research which, 
although at present rather delicate and tenta- 
tive in application, would seem to offer bound- 
less possibilities. The metallurgist, to whom 
crystalline formation means so much, need no 
longer have to content himself with inferring 
from their external forms what the internal 
structure of the crystals in his metals and 
alloys may be. He may also find that the 
method will throw light on the fundamental 
nature of the effect of heat treatment, temper- 
ing, rolling and ageing on steels and other 
crystalline metals and alloys. It has been 
shown that amorphous carbon really consists of 
minute graphite crystals ; colloidal gold and 
silver are made up of minute, yet perfect, 
crystals, so small that they contain only a few 
score atoms. Even the particles “ sputtered ” 
from a cathode izi a discharge tube are possible 
of examination and are found to be crystalline. 

These are but a few of many examples. 
There is a great opportunity for the metallur- 
gist and physicist to got together. At present 
the main difficulties are those of technique. 
Monochromatic X-rays have to be used, and as 
these can be obtained only of feeble intensity, 
protracted exposures have hitherto been 
necessary, though these can now be greatly 
shortened by the use of more sensitive plates. 

§ (33) Industrial Radiography. — ^As was 
anticipated by Rontgen and others, when the 
art of radiography had sufficiently advanced 
in medicine it extended its scope to industiy. 
As already remarked, the method of X-ray 
inspection has the advantage of not injuring 
a body in any way. Eurthermore, it provides 
in many cases the only means of detecting 
concealed defects in a material, or of scrutin- 
ising in a structure the accuracy of assembly 
of component parts which are hidden from view. 

The development of industrial radiology has 
been bound up with that of the Coolidgo tube, 
and, both during and since the war, the X-rays 
have been applied to a variety of branches of 
industry. As already explained, the method 
depends on receiving the shadow of the object 
on a fluorescent screen or photographic plate, 
and it should be made clear at the outset that 
a radiograph shows only the gross structure of 
a material and gives no information as to the 
crystalline or microscopic structure from point 
to point. 

While the general technique is much the 
same as in medicine, mention should be made 
of one of the chief experimental precautions 
in the X-ray photography of metals. Even in 
medical radiography the experienced worker 
is well aware of the effect of the scattered 
radiation which is generated whenever a beam 


of X-rays strikes any particle of matter. kSuch 
scattered radiation, if allowed to reach the 
photographic plate, tends to fog the main 
image. The various sui'faces of the bodies 
encountered are the chief offenders, and even 
the air contributes its quotum. 

The effect is especially marked with metallic 
objects which require relatively long exposures; 
worthless results will be obtained in the absence 
of suitable precautions. These consist in 
enveloping the photographic plate, back and 
front, with sheet lead (preferably with an inner 
lining of aluminium), a hole being left no 
bigger than necessary for the reception of the 
direct image of the object. If the object is 
continuous and flat there is no difficulty, for 
it can bo brought into close contact with the 
plate. If, however, the body is irregular in 
contour, it may conveniently bo cemented 
ivith paraffin wax to the bottom of a card- 
board or aluminium tray, and mercury, fine 
lead shot, or the like poured round it. Wax 
filling is also necessary, both to fill up any 
pockets or cavities and to prevent the mercury 
or shot from straying into the path of the 
projected image. 

Considerable gain may result from the use 
of the Buoky grid between the object and the 
plate. This consists of a rectangular metal 
grid, the faces being spherical in contour and 
the dividing cell -walls of the grid everywhere 
radial. The grid, while allowing direct X-rays 
from the focus to pass, kills the majority of 
the scattered radiation. The grid is kept in 
slight motion to prevent its being registered 
on the photograph. Still greater freedom 
from the effects of secondary radiation may 
bo obtained by using specially sensitive plates 
and so shortening the exposure. 

Naturally the orientation of the object with 
reference to the beam of X-rays may make or 
mar a radiograph. Distortion may be reduced 
by avoiding undue obliquity of tho rays, and 
to this end it is wise to keep tho distance 
between the object and bulb as groat as is 
expedient. For good definition tho rays should 
be stopped down as much as possible. 

Tho present practicable depths which can 
be penetrated in various materials are : 

4 to 5 mm. of lead. 

12 mm. of tin. 

7-5 cm. of steel (carbon) or iron. 

10 to 15 cm. of aluminium and its alloys. 

30 to 40 cm. of wood. 

The limiting factor in practice is the exposure, 
which hitherto has been veiy protracted with 
tho greater thicknesses. However, with the 
latest type of X-ray plate the exposures are 
greatly reduced, and 1 inch of steel, for 
example, now requires an exposure of rather less 
than a minute, using a voltage of about 130,000 
and a few milUamperes through the tube. 
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Within the above limits we can, with con- 
siderable delicacy, hunt out anything which is 
so disposed as to cast a measurable variation 
in the shadow, provided the body is not too 
comr)licated in design to render the shadow 
too confusing to interpret. The method is 
surprisingly sensitive ; for example, tool-marks 
and fine mould-marks often show up in a 


radiograph. The opacity is merely a measure 
of the number and weight of the atoms 
encountered, and so different qualities of a 
metal possessing different densities display 
different intensities in a radiograph ; for 
example, a wrought rivet in a casting of the 
same metal shows a darker imago. For the 
same reason, equal thicknesses of carbon, 
nickel, and tungsten steels differ markedly in 
transparency, a property which has been 
turned to account. 

Electric and oxy-acetylene welding have 
come into great prominence during and since 
the war ; an indifferent welder can turn out 
what appears on the surface to be an excellent 
weld, but is quite an unreliable job notwith- 
standing. There appears to be no adequate 
mechanical test for a weld, and in any event 
any such test, whether mechanical or micro- 
scopical, destroys the weld, good or bad. The 
X-rays promise to be of great use in this 
connection. If the component parts are not 
actually fused together a narrow dividing line 
comes out on the plate. Blisters, and blow- 
holes show up as light spots. X-ray photo- 
graphy of welds up to 1 inch thick is now 
quick, easy, and certain ; with modern equip- 
ment, lengths up to 2 feet can be taken at 
once, the exposure being a fraction of a minute. 
The amount of detail revealed is extraordinary, 
and the process compares favourably with that 
of photomicrography, which is only very local 
in its test and, as already remarked, involves 
the destruction of the weld. The X-ray 
method has proved to be a somewhat severe 
critic of present-day welds as commonly 
carried out (Ffy. 19). 

Hidden cracks in a metal, which are a 
bugbear to metallurgists, can often be detected, 
though if they are very fine or tortuous (hair 


cracks) the method is rarely suitable. Such 
cracks are sometimes the sequel to “pipes” 
or blowholes in the ingot, and it is easier to 
detect them in the ingot than after working. 

In the case of alloys, the uneven distribution 
of any component results in a “ patchy ” or 
streaky radiograph. X-ray examination will 
often diagnose defective soldering or brazing, 
the substitution of one metal by 
another, hidden stopping or pinning, 
and so on. The method has also 
found application in detecting hidden 
corrosion (as in gas cylinders, in 
ferro -concrete, and the armouring of 
cables), in scrutinising steel turbine 
discs for segregations, etc., and 
so on. 

Naturally enough, the X - rays 
found a great opening, during the 
war, in the manufacture of ex- 
plosives and related devices. In 
some instances, e.p. the correct 
filling of liquid-gas grenades, the 
examuiation of opaque cordite, the interior 
detail of detonators, Stokes igniters, vent- 
seahng tubes and other pyrotechnic stores, 
no other method of inspection was possible. 
The X-rays also proved of value in examining 
enemy ammunition of unknown design, where, 
for reasons of safety, it was desirable to 



Fig. 20. — Radiograph of Lead Letters RD taken 
throiigli a Steel Slab S" in thickness. (Radio- 
logical Laboratory, Research Department, Royal 
Arsenal, Woolwich.) 

ascertain the internal construction before 
opening up. They have also proved useful 
in checking the contents of packing boxes. 
Most of this work was carried out by the 
Research Department at the Royal Arsenal, 
Woolwich, and the Editor is indebted to the 
Department for I'iffs. 20-23, illustrating some 
of the results arrived at. 



Fig. 19. — Defective Weld in Steel Plates. 
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Fig. 21. — Radiograph showing Hidden Cracks in 1" Boiler Plato. 
(Uadiological Laboratory, llcscarch Department, Royal Arsenal, Woolwich.) 



22.— Radiograph showing Panlty Weld in .Steel 
Plato I" in thickness. (Radiological Laboratory, 
Research Department, Royal Arsenal, Woolwich.) 


Fig. 23. — Radiograph showing Hidden crack in 
Welded Steel .Plate j" in thickness. (Radio- 
logical I,aboratory, Research Department, Royal 
Arsenal, Woolwich.) 
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In the case of timber, the different varieties 
absorb X-rays to different degrees. Peculiari- 
ties in the structure and path of the fibres 
(such as the contortions which produce 
“ figure ”) are easily discerned. The denser 
heart wood is differentiated from the sap 
wood, the summer and spring growths of the 
annual rings are readily identified {Fiej. 24), 



Fig. 24. — Perfect Specimen of Aeroplane Spruce. 

and defects such as knots or grub-holes sIioav 
up with astonishing clearness {Fig. 25). 

A method of utilising the X-rays to examine 



designs for building up aeroplane parts from 
smaller timber were developed, using laminated 
or “ box ” structures. The workmanship 



Fig. 20. — Defective Shaping of End Block of 
“ Box” Spar ; also Block Split by Screws. 

required has to be of the finest, and much of 
it is liidden of necessity, but the inspector 
now has a powerful ally in the X-rays, which 
unerringly reveal hidden faults such as knots, 
large resin-jiockets, defective gluing, and poor 
Avorkmanship {Figa. 26, 27, 28). Wood is 



Fig. 25. — Concealed Knots and Grub-hole in 
Laminated Spar. 


Fig. 27. — Aeroplane (Box) Spar showing forbidden 
Joint in Plywood Side. 


the wooden parts of aircraft was developed on 
behalf of the Air Ministry during the war. At 
a time when the submarine was seriously 
endangering the country’s supplies of high- 
grade timber from Canada and the States. 


very transparent to X-rays, and thicknesses 
up to 18 inches or more can be dealt with, 
screen examination being possible in most 
cases. The method is also useful for watch- 
ing the behaviour of the various hidden 
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members and joints of a composite wooden, 
structure while it is being subjected to test. 


One of the greatest troubles which w is 
encountered was the destructive action of the 
molten glass on the firc-clajr- pot, in which the 
components were fused. It was found that 
the effect was caused by the presence of iron 
and other impurities in the clay. Recourse 
was had to tlie X-rays, and it was found that 
on examining the pots before they were fired, 
those containing prejudicial foreign matter 
could readily be sorted out. In this way much 
expense can be saved. The “ melt ” of optical 
glass can also be examined for inclusions before 
working. 

X-ray photographs arc useful for displaying 
the arrangement of concealed iviring, for 
oxam})le, when embedded in the interior of 
insulating panels or in radio apparatus. In 
much the same way, during the war, the 
X-rays were useful in scrutinising the wiring 
within the leather of aeroplane pilots’ electric- 
ally heated clothing. 

A similar field of work which the X-rays 
have found is the examination of the interior 
( of moulded articles, for example, the distri- 
butors of magnetos. .During construction 
the insulation is moulded round the metal 
work, and subsequently machined. If, during 
the machining, blowholes are met with, tlie 
entire distributor has to be rejected. 

Among the miscellaneous uses of the X-rays 
we can only make mention of the examination 
of oysters for pearls ; the differentiation of lead 


■Fig. 29.— Golf Balls showing XJnsyiumotrlcal Cores. 

glass jewels from the more transparent genuine 
gems ; the scrutiny of artificial teeth ; the 
detection of contraband by the customs 
officials ; the sorting of fresh from stale eggs ; 
the detection of heavy elements in minerals, 
of metal particles in chocolate, of weevils in 
grain, of mineral adulterants in certain 
powdered drugs (e.p. asafoetida), and of moths 
in tobacco for cigars. 


Fig. 28. — Defective “ Bottoming ” of Aeroplane 
Strut in Aluminium Socket. 

X-rays are also being turned to account by 
the tyro manufacturer in his efforts to improve 
the union between the rubber and the Egyptian 
cotton fabric. In the manufacture of golf balls, 
fine rubber tape is wound on a round core 
either of soft rubber or liquid. If care is not 
taken the core is distorted, becoming either 
roughly ellipsoidal or oven dumb-bell shaped. 
The resulting ball is defective from the point 
of view of accurate flight, but such balls can 
be readily sorted out by the help of the X-rays. 
The method is now in extensive use, no other 
being readily available (Piff- 29). The Post 
Office has long used the rays for testing the 
amount of mineral matter in gutta-percha. 

The help of tlie X-rays has also been 
effectively sought by the manufacturer of 
carbon and graphite brushes and electrodes, 
to reveal mineral matter and internal cracks 
and flaws. The makers of electrical insulators 
— ebonite, built-up mica, fibre, paper, etc. — 
find the method invaluable for detecting the 
presence of metallic particles, often from the 
steel rollers used in the preparation of the 
material. 

The manufacture of optical glass became a 
key industry during the war, as hitherto we 
had relied wholly on Germany for our supplies. 
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In quite a different direction, an enterprising 
American shoe store has installed a screen 
outfit, so that the potential customer can see 
his “ footigraph ” and satisfy himself visually 
whether or not the shoe he is trying on is a 
good, fit. 

The aiDplication of the cinematograph 
principle to X-ray photography offers wide 
possibilities. 

We can only refer to the more academic 
applications of the X-rays by the conchologist 
to examine the interior of shells and fossils, 
without in any way spoiling a rare specimen. 
These have valuable educational possibilities. 

The use of the X-rays for revealing the 
interior of plant life is comparatively recent. 
Considerable differences exist in the mineral 
content and density, and hence the trans- 
parency of the different parts of a plant — 
root, stem, leaf, flower, fruit, seed, etc. — and 
thus it happens that even the most delicate 
structures of plants can be laid bare without 
tearing the plant to pieces in order to study it. 
Microscopic detail is of course not revealed. 
Long-waved X-rays are required for such work. 

§ (34) X-RAYS AND Old Masters. — The 
first artistic oil-painting of which there is any 
record was executed in the year 1399 by 
Hubert van Eyck, a Dutchman, and. from 
then up to the early Italian and Flemish 
school, painters had possibly only eight or 
nine pigments, mostly mineral in origin. 
To-day there are over 200 in use, many of 
them vegetable or coal-tar in origin. 

As is well known, the imitating of valuable 
pictures has always enjoyed a great vogue, 
and there are thousands of spurious paintings 
in existence — copies of both late and modern 
masters — which have been passed as genuine 
and sold for outstanding amounts. For 
example, so far as is known, Rembrandt 
painted some 700 pictures, yet Maximilian 
Toch estimates there are fully 4000-5000 in 
existence, all of which are regarded as genuine 
and have commanded great prices. Again it 
would have been absolutely impossible for any 
human being to have painted all the Rubenses 
that there are in existence. The remark is 
probably true of every great painter. 

There are various scientific methods of 
determining the originality and ago of 
paintings. Photomicrography is of great help : 
for example, in the case of a panel of a 
picture 300 years old the protoplasm in the 
cells of the wood has entirely dried out, 
a feature distinct from a modem panel. 
Chemical analysis of tiny detached fragments 
often thrhws light on the subject ; for instance 
zinc white (zinc oxide) was not known 300 
years ago, and the Flemish painters used 
flake white (white lead). Again bitumen, at 
first transparent, gradually becomes dpaque 
and insoluble with the passage of time. 


, But not only pictures, but all works of art, 
are imitated in the same' way. Furniture, 
pottery, bronzes, old weapons and brass work 
are so completely simulated that experts are 
frequently baffled. Sheraton furniture is a 
familiar example. We know that Sheraton 
had a little shop and did most of his work 
himself mth only occasional help from a few 
expert artisans. The amount of Sheraton 
furniture in existence would indicate that 
Sheraton had a factory of several acres 
employing a thousand men who were lifelong 
supporters of mass iDroduction. 

It would appear that the X-rays may 
usefully be called in, in certain cases, as a 
supplementary method of scrutiny for the 
expert. A start has been made with pictures, 
as we shall now proceed to show. 

In any picture we have to consider three 
media, (1) the surface which is painted on — 
usually canvas or wood, though paper, 
porcelain, or other materials may be used ; 
(2) the priming or sizing — nowadays almost 
always white lead, though formerly carbonate 
of limea and glue were employed ; (3) the 
actual pigments. 

Both wood and canvas are very transparent 
to the X-rays, though different Icinds of canvas 
vary a good deal. The white lead primer is 
much more opaque than carbonate of lime, and 
the former, moreover, penetrates much farther 
into the interstices of the canvas. This in 
itself is sufficient to show a marked difference 
under the X-rays between modern and older 
pictures. 

As to pigments, they vary greatly in X-ray 
opacity from the opaque salts of lead, zinc, 
and mercury to the transparent aniline 
derivatives and bitumen. Both modem and 
ancient whites are usually opaque, most of 
the blacks (now or old) are transparent, and 
modem reds are more transparent than the 
old reds. But, as already remarked, most of 
the earliest pigments are mineral in origin and 
opaque. 

In a modern picture the sizing is very 
commonly more opaque than the pigments, 
and X-ray examination is, for that reason, 
usually inconclusive. But fortunately in the 
pictures of the old masters the reverse con- 
ditions hold, and thus it is that with a little 
experience the X-rays can be employed most 
usefully as a means of identifying a modern 
fake, or detecting alterations to an old picture. 
It is a practical certainty that, however skil- 
fully the process has been carried out, the 
several materials used — whether canvas, prim- 
*ing, or pigment — ^will differ from those in the 
original painting and will, in consequence, be 
differentiated m the radiograph. 

Notable Avork on this subject has been 
carried out by Dr. Heilbron of Amsterdam 
and, more recently, by Dr. Charon of Paris. 
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Among the sixteenth century paintings exam- 
ined by the former was the “ Crucifixion ” by 
Cornelis Engelbrechtsen, which contained in 
the right foreground the portrait of a woman 
which it was suspected was that of a former 
“ donatrice,” who (after a fashion not unknown 
in those days) had thus sought to perpetuate 
her association with the picture. A radiograph 
of the painting showed many “ restorations,” 
especially on the right half, and beneath the 
portrait of the donatrice was revealed the 
picture of a monk in surplice and stole, the 
head being smaller than that of the over- 
painted lady. The evidence was so clear that 
the picture was sent to be restored at the 
Rijks-museum in Amsterdam, the result being 
to bring to light once more the monk who had 
been hidden for 400 years. 

Among the other paintings examined by 
Heilbron was a panel of the “ Madonna ” by 
Geertgen van St. Jans (c. 1500) which had 
always excited comment because of the 
apparently stiff and unnatural position of the 
arms. The radiograph showed that the 
presence of the Child in the arms of the 
Madonna fully exiolained their attitude. St. 
Jana is known to have painted his children 
disproportionately small, and the presumption 
is that this defect was the cause of some 
former owner having the Child painted out. 

Other examples of Heilbron’s work include 
a panel by De Meester van Allmaar, where 
the portrait of a lady (again supposed to bo 
the donatrice) is found to be painted over the 
original figures. There is some chance that 
the panel will be restored to its original state. 
A radiograph of a panel by van Dyk, repre- 
senting a waterfall, a knight with a horse, 
dogs, etc., shows that the artist originally 
painted a much bigger waterfall, the current 
of water appearing to pass through the animals. 
We are led to infer that the painting is an 
original and not a copy, for only in the case 
of the original can we trace such alterations 
in the ideas of the artist. 

Dr. Charon X-rayed a Flemish panel 
attributed to van Ostade and showing a party 
of country dancers and revellers. The radio- 
graph revealed only a farmyard scene con- 
taining peacocks, ducks, and. chickens. The 
supposed van Ostade is almost certainly 
modern, since practically all its colours are 
transparent to the rays. The farmyard picture 
is apparently old, since the sizing is not opaque. 

Another picture of the French school of the 
fifteenth century which was examined by 
Ch4ron was that of the Royal Infant at Prayer 
. hanging in the Louvre. The black back- 
ground was found to mask a badly deteriorated 
original background — confirming documentary 
evidence to that effect. 

The X-rays may find another field in the 
examination of palimpsests and ancient manu- 


scripts which, hitherto regarded as carrying 
only their face value, may bear under the 
trivial inscriptions of mediaeval times older 
matter of priceless worth. Again it is well 
known that before millboard came into general 
use for book covers (about the middle of the 
sixteenth century), binders were accustomed 
to make them up from such loose pages as 
came to hand. Many discoveries of rare and 
valuable MSS. have been made when the bind- 
itigs of old volumes have happened to fall to 
pieces. The X-rays may have useful applica- 
tion here. 

As regards antique furniture and the like, it 
is not improbable that examination of con- 
structional or other detail, which cannot other- 
wise be viewed except by destroying the article, 
would suffice to reveal in a fake craftsmanship 
out of tune with the reputed period. 

§ (35) Future Developments op In- 
dustrial Radiology. — Our ideal should bo 
to make the taking of an X-ray photograph as 
easy as that of light. The present limitations 
of radiometallography are largely those pro- 
scribed by equipment and technique. Con- 
siderable improvements will have to come if 
the subject is to extend its scope and become 
an attractive commercial proposition in heavy 
engineering. If great thicknesses are to be 
tackled, means will have to be found so that 
exposures are not intolerably long. There 
appear to be two means to this end — (a) by 
using much heavier X-ray outputs, at much 
higher voltages, or (h) by using much more 
sensitive screens, plates, or other detectors. 

We have already considered the probable 
developments of the higli-]iotontial generator, 
and, as wo should anticipate, all experience 
agrees in demanding higher and higher voltages 
for woric with metals. The ordinary Coolidge 
tube will, however, take no more than 180,000 
volts, preferably less. This oan bo Increased 
to 300,000 by lengthening the arms of the tube 
and completely immersing it in oil. If there 
is a demand for it, the electrical engineer will 
doubtless overcome the difficulties in the way 
of supplying half a million or more volts. 
Such transformers have already been made 
for other purposes, but their bulk, weight, and 
cost are formidable. For example, a single- 
phase transformer giving a peak voltage of one 
million occupies a floor space of 13 ft. x 8 ft., 
is 15 ft. high, has terminals 28 ft. high, weighs 
20 tons, and costs about £10,000. With such 
voltages both transformer and tube will doubt- 
less be contained in a common oil tank, thus 
reducing the danger and the considerable losses 
by brush discharge. 

Heavier discharges will demand more 
elaborate cooling arrangements, and probably 
glass X-ray tubes will not _ stand up to 
the work. We may have to turn to metal 
tubes radically different in design, capable of 
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absorbing 60 h.p. or more. Furthermore, we 
shall have to improve the deplorable efficiency 
of the whole outfit. 

It may be mentioned that some of the 7- 
rays of radium are far more penetrating than 
the hardest X-rays we can produce at present 
(being equivalent to X-rays excited by about 
two million volts), but unfortunately the 
intensity is so weak (not more than a few 
per cent of that from a good bulb) that 
exposures are intolerably protracted. 

As regards fluorescent screens and photo- 
graphic plates, great improvements are called 
for. No screen at present available is sensitive 
enough for thicknesses exceeding about J inch 
steel, and only then mth difficulty. Photo- 
graphy must be resorted to in such cases, and 
the time taken over the process may then 
become prohibitive, at any rate for routine 
“ mass insi>ection.” 

A photographic plate registers only about 
1 per cent of the X-rays passing through it. 
Progress has mainly consisted in thickening 
the emulsion or richly loading it either with 
more silver or with heavier metals. Exposures 
may be shortened either by backing up the 
emulsion with a sheet of a heavy metal, such 
as lead, or more appreciably by the use of an 
intensifying screen, containing a fluorescing 
salt, such as calcium tungstate. All X-ray 
plates are much more sensitive to visible rays 
than to X-rays, but such screens, which are 
more efficacious with “ hard ” rays than 
“ soft,” are apt to impair the detail in certain 
classes of work owing to “ grain.” It is 
important to have the closest contact between 
the screen and the emulsion. This is secured 
in the new “ Impex ” plate, in which the 
fluorescing salt is contained in a superimposed 
gelatine film which is dissolved off before the 
plate is developed. Such plates reduce the 
exposure as much as thirty times with very 
har4 rays, though the efficiency is much less 
with longer waves. 

Another real advance in X-ray photography 
has proved to be the duplitized film, i.e. a film 
coated with emulsion on both sides of the 
celluloid. A “ pile ” of several of these sand- 
wiched with thin fluorescent screens, gives a 
very sensitive detector. 

The ionisation method of detecting the X- 
rays offers great promise, for it can be made 
more sensitive than any photographic method, 
at present available. An explorer built on 
these lines and of convenient design would 
have corresponding advantages. 

To conclude, the subject of industrial radio- 
logy is young and, although progress has been 
rapid, we must in all fairness be careful not to 
claim too much for it. From such experience 
as we have had, it does appear, however, that 
the method is settling down to be a valuable 
laboratory tool, supplementing those which 


are already available for testing materials. 
Incidentally the existence of the method is not 
without its moral effect on the personnel, as 
regards standard of workmanship. 

o. w. c. K. 


Radiometer : an instrument for investigation 
of the infra-red spectrum ; a modification 
of the instrument, devised by Crookes, in 
which mica vanes, accurately mounted on a 
central spindle in vacuo, rotate when placed 
in the path of radiant energy. See “ Wave- 
lengths, The Measurement of,” § (7). 

Radiometry : the measurement of radiant 
energy or radiant power. See “ Spectro- 
photometry,” § (2). 

Radio-miorometeb ; an insti’ument for in- 
vestigation of the infra-red spectrum ; a 
type of galvanometer in which the current 
is generated by radiation falling on the 
junction of a thermocouple. See “ Wave- 
lengths, The Measurement of,” § (7). 

Radiotherapy : X-ray treatment of malig- 
nant disease. See “ Radiology,” § (30). 


RADIUM 

§ (1) Discovery. — Radium was discovered by 
M. and Mme Curie shortly after the property ' 
of radioactivity of uranium compounds had 
been discovered by Henri Becquerel in 1896. 
From observations, of the activity of differ- 
ent compounds of uranium, Mme Curie had 
concluded that the radioactivity of uranium 
was an atomic property ; that is, -the total 
radiation emitted by a compound was propor- 
tional to the amount of uranium present, 
irrespective of the other inactive elements 
with which it was held in chemical combination. 
When, however, a number of uranium minerals 
were examined it was found that some speci- 
mens of pitchblende, notably those from 
Austrian mines, showed much greater activity 
than the metal uranium itself. It was sus- 
pected that this abnormal activity was due to 
the presence of small quantities of an unknown 
element or elements of activity greatly 
exceeding that of uranium. With the object 
of testing this conclusion, M. and Mme Curie 
undertook careful analyses of some of the 
uranium minerals, and their work resulted 
in the discovery of two new radioactive 
elements, namely polonium and radium, the 
activity of the latter being several million 
times that of an equal weight of uranium.^ 

§ (2) Oootirrenoe. — The two principal 
commercial ores of radium are pitchblende 
and camotite. Pitchblende has no definite, 
composition and is a very complex mineral. 

' M. and Mme Curie and G. Bemont, Comptes 
Jtendus, 1898. exxVil. 1215. 
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It contains in varying quantities nearly all 
the known metals, but it is rich in the oxides 
of uranium. Gamotite has a more definite 
comxDosition, being a potassium uranyl vana- 
date (KaO, 2 UO 3 , VaOg, 3 H 2 O) containing 
small quantities of barium and calcium. Of less 
importance are autunite, a hydrated calcium 
uranium phosj)hate [Ca(U 0 a) 2 (P 04 ) 28 H 20 ] 
and torbernite, a hydrated copper uranium 
phosphate [Cu(U 02 ) 2 P.> 0 a, SH^O]. 

Pitchblende deposits are found at St. 
Joachimsthal, Bohemia ; at Johanngeorgen- 
stadt, Saxony ; in Cornwall, England ; in 
North Carolina and Connecticut, U.S.A. The 
mines of St. Joachimsthal have been worked 
for the last twenty-five years for uranium ; 
previously they were worked for bismuth and 
cobalt, and before that for silver. The veins 
show that deposition occurred in three periods ; 
the cobalt and nickel deposited first, then 
the uranium, and afterwards the silver. 
Dolomite spar is always present and generally 
has a white or yellowish-white colour, but 
changes to brownish red where pitchblende 
begins to appear, and is a dirty grey 
where it is actually in contact with the ore. 
The veins in the Saxony mines resemble 
those at Joachimsthal, the pitchblende occur- 
ring in the spar in pieces 2 to 3 in. in 
diameter. In Cmmwall also the mineral 
pitchblende is associated with nickel and 
cobalt veins, although here only part of the 
veins are highly argentiferous. In the United 
States there are five mines that have produced 
pitchblende in quantity, and of these the 
Kirk mine is probably the most important. 
During the last twelve years about 20 tons 
of ore with an average content of 35 per cent 
UgOg, and over 100 tons with a content of 3 
to 4 per cent UgOg, have been mined. The 
other mines produce lower grade ores in some 
quantity. Pitchblende has been found in 
small quantities, but of very high quality, in 
East Africa, and recently considerable amounts 
of an exceedingly rich uraninite have been 
found in India. 

Carnotite deposits are found mainly in 
Dolores, San Miguel and Montrose counties, 
Colorado, and Utah, and extend over a belt 
about 60 miles long by 20 miles wide. The 
most usual ore is a sandstone so impregna.ted 
with yellow carnotite that the colour is 
decidedly noticeable and contains pockets 
of brown sandclay. The deposits are invari- 
ably in pockets, many of which, however, are of 
considerable size. A survey of the carnotite 
fields, carried out by the Bureau of Mines in 
1912, revealed the fact that the carnotite 
deposits of Colorado and Utah constituted 
by far the largest source of radium-bearing 
ores in the world.^ It is estimated that these 

* E. B. Moore and Karl L. Kithil, U.S.A. Bureau 
of Mines, £tcU., 1913, No. 70. 


deposits should be cajjable of yielding at least 
500 grammes of radium element. During the 
period from 1913 to 1919 the Standard Chem- 
ical Company, Pittsburg, Pa., alone produced 
60-8 grammes of radium element from this 
ore.^ Carnotite is also found at Olary, South 
Australia, but this variety, being mixed with 
ilmenite, is very different from the American 
carnotite. Autunite is found in commercial 
quantities in Portugal in the district between 
Guarda and Sabugal. It is occasionally 
found in very pure condition, but for the 
most part as a very low grade ore, bearing 
from 0-5 to 1 per cent of UgOg. It is also 
found together with torbernite near Famia in 
South Australia. 

All common rocks and minerals of the 
earth’s crust contain minute amounts of 
radium (of the order of 10 "^® gramme of 
radium per gramme of rock). The atmosphere 
also contains radium in the form of emanation. 

§ (3) Extraction and Sktaration or 
Radium from Radioactive Ores. — The chief 
ore employed in the preparation of radium 
in the early stages of radioactivity was 
pitchblende. The following account of the 
extraction of radium from pitchblende is 
given by Mme Curie.® The crushed ore is 
roasted with sodium carbonate, and the 
resulting material washed first with warm 
water and then with dilute sulphuric acid. 
The solution contains the uranium, whilst 
the insoluble residue contains all the racbum. 
This residue chiefly contains the sulphates 
of load and calcium, silica, alumina, and ferric 
oxide. In addition, nearly all tho metals arc 
found in greater or smaller amount (copiier, 
bismuth, zinc, cobalt, manganese, nickel, 
vanadium, antimony, thallium, rare earths, 
niobium, tantalum, arsenic, barium, etc.). 
Radium is found in this mixture as sulphate 
and is the least soluble sulphate in it. In 
order to dissolve it, it is necessary to remove 
the sulphuric acid as far as possible. To do 
this, the residue is boiled with concentrated 
soda solution. The sulphuric acid combined 
with the lead, aluminium, and calcium passes 
into solution as sulphate of sodium, which is 
removed by repeated washing with water. 
The alkaline solution removes at the same 
time lead, silicon, and aluminium. The in- 
soluble portion is well washed and treated 
with ordinary hydrochloric acid, which 
completely disintegrates the material and 
dissolves most of it. The radium remains in 
tho insoluble portion. This is well washed 
with water and again treated with boiling 
concentrated solution of sodium carbonate. 
This operation completes the transformation 
of the sulphates of barium and radium into 

Science, 1019, xlix. 227. 

“ Translation of Thesis for Doctorate, Chem. News, 
1903, p. 134. 
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carbonates. The solid is filtered off, washed 
with sodium carbonate solution and then 
with water, and dissolved in HCl quite free 
from H2SO4. The filtered chloride solution 
is treated witir sulphuric acid to precipitate 
radium and barium sulphates which are 
contaminated with traces of lead, iron, and 
calcium sulphates. 'Uhe crude sulphates thus 
obtained have an activity from thirty to sixty 
times as great as that of metallic uranium. To 
purify the sulphates they are boiled with 
sodium carbonate and transformed into the 
chlorides. The solution is treated with sul- 
pliuretted hydrogen, which gives a quantity 
of active sulphides containing polonium. 
This precipitate is removed by filtering, and 
the remaining solution oxidised by means of 
chlorine, and precipitated with pure ammonia ; 
the precipitate which contains actinium is 
removed, and the filtered solution treated 
with sodium carbonate. The precipitated 
carbonates formed are washed and converted 
into chlorides. These chlorides are evaporated 
to dryness and washed with pure concentrated 
hydrooliloric acid to remove trace.s of calcium 
chloride. The calcium chloride dissolves al- 
most entirely, whilst the chlorides of barium 
and radium remain insoluble. 

From 1 ton of Joachimsthal residues about 
S kilograms of a mixture of barium and 
radium chlorides are obtained, the activity of 
which is about sixty times that of metallic 
uranium. To extract pure radium chloride 
from barium chloride containing radium the 
mixture of the chlorides is subjected to frac- 
tional crystallisation in pure water, and then 
in the later stages in water to which hydro- 
chloric acid has been added. The crystals 
of radium chloride which separate out are 
elongated needles, having exactly the same 
appearance as those of barium chloride. 
Both crystals show double refraction. Crystals 
of barium chloride containing traces of radium 
are colourless, but when the proportion of 
radium increases they liave a yellow colora- 
tion after some hours verging on orange and 
sometimes a beautiful pink. The maximum 
coloration is obtained for a certain degree 
of radium present. This fact serves as a 
useful check on the progress of fractionation. 
Giosel pointed out that the separation of 
barium and radium by fractional crystallisa- 
tion in water from a mixture of the bromides 
is more rapid and efficient than from 
that of the chlorides.^ Another method of 
separating barium and radium is given by 
Marckwald.® 

A method of extracting radium from 
pitchblende by fusing the ore with sodium 
sulphate was employed on a large scale by 

^ Glesel, Ann. Chem. Phyn., 1899 (ih), Ixix. 91 ; 
Schall, Aw,. Chew.. Hoc. J., 1920, xliii. 889-890. 

. ° Ber, 1904, xxxvii. 8B. 


Haitigner, Luding, and Ulrich.® This methoc 
has also been used in Australia by Radcliffi 
in treating camotite obtained at Olary, Soutl 
Australia. 

Fusion with sodium carbonate was employee 
in Amerie.a on camotite ores, but this ihethoc 
has the great disadvantage that it carries a 
large part, if not all, of the silica into solu- 
tion. This adds greatly to the cost of the 
operation and tends to give radium-barium 
sulphates of a rather high degree of impurity 
which require special treatment. The method 
adopted at present by the Bureau of Mines, 
U.S.A,,^ is based upon the fact that strong 
nitric acid dissolves radium-barium sulphates 
in considerable quantities, as well as the other 
soluble constituents of the ore. The use of 
strong nitric acid is advocated because the 
radium-barium sulphate can be precipitated 
at once in a remarkably pure form, and the 
nitric acid can be largely recovered in the 
form of sodium nitrate and used again. The 
radium usually exists in the ore in the propor- 
tion of 1 part in 200,000,000 ; a recovery of 
90 per cent of the radium present is claimed 
for the nitric acid method. H. Sehlundt® 
gives a method of extracting radium from 
camotite ores with concentrated sulphuric 
acid, and has apifiieddt with success to camo- 
tite ores from Colorado and Utah. By boiling 
camotite ores with concentrated sulphuric 
acid the barium and radium compounds 
present are converted into bisulphates, which 
remain in solution in an excess of the acid and 
may then be separated from the insoluble 
components by filtration, followed by washing 
the residue with concentrated sulphuric acid. 
From the acid liquors thus obtained the radiirm 
is recovered by diluting with water, whereby 
radium-barium sulphate is precipitated. Two 
types of camotite ores were dealt with, a low- 
grado ore containing U66 per cent UsOg, 
4-03 per cent V2O5, and 4-88 parts of Ra per 
billion, and a liigh - grade ore containing 
14-39 per cent UjOg, 9-07 per cent VgOj, and 
42-78 parts of Ra per billion. By using 
sulphuric acid of more than 78 per cent 
concentration, at least 90 per cent of the 
radium present in these ores may be recovered 
by the above method. 

Plum ® gives the followdng summary of the 
method employed by him in separating 
radioactive products from camotite con- 
centrates. One kilogramme of camotite 
concentrates was boiled for several hours 
wdth 2 litres of a solution containing 
400 grammes of anhydrous sodium car- 
bonate, The filtrate yielded 88-1 grammes 

’ Ber. Uber die Bearbeitung der Pechblend — BilcTc- 
stdnde K.K. Akad., Wissenscha.Jt, 1908, cxvii. 619. 

* C. L. Parsons, B. B. Moore, S. C. Lind, and 0. 0. 
Schaefer, J. of Ind. and Eng. Chew., vili. No. 1, 

‘ Joum. of Phys. Chemistry, 1910, xx. 485. 

“ Journ. Am, Chem, Soc. xxxvii. 8. 
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of uranyl sodium, carbonate, U 0 aC 032 Na 2 C 03 , 
which represented 88 per cent of the total 
uranyl in the samples. The filtrate still held 
2 per cent of the uranium in solution. A 
second treatment of the ore with 300 grammes 
of sodium carbonate under the same conditions 
as above dissolved out only 2-8 per cent of 
the uranium. The residue was treated with 
400 o.c. hydrochloric acid diluted with about 
a litre of water, and boiled for about 8 hours. 
The radium-barium sulphate separated from 
the filtrate weighed 7-36 grammes. The 
residue was next heated for a day with 200 c.c. 
of nitric acid diluted with about a litre of 
water. The radium-barium sulphate precipi- 
tated in this filtrate weighed 0-453 gramme. 
The percentage of radium in these combined 
sulphates was 89-8 per cent of the total 
amount in the ore. .Reprecipitations of 
barium sulphate in the two acid filtrates 
carried down 2-7 per cent more of the radium. 
7’he lead sulphate separated from bismuth 
and containing radio-lead, Aveighed 0-49 
gramme. The polonium precipitated with 
bismuth and then deposited on copper was 
50-1 per cent of the total amomrt in the ore. 
The I’esidue was finally treated with twice its 
weight of sulphuric acid after being diluted 
with about an equal Aveight of Avater and then 
heated until most of the sulphuric acid had 
escaped in fumes. The activity of the ionium 
found in this solution was 61 per cent of the 
total amount in the original carnotite. The 
residue left, after all extraction processes 
had been carried out, Aveighed 607 grammes 
and its activity showed that only 4-2 per cent 
of the radium still remained in it. 

§ (4) Metallic Radium has been isolated 
by ]\Ime Curie and Debieme ^ by the electro- 
lysis of pure radium chloride. The radium 
amalgam so obtained was heated to about 
700° C. in a current of hydrogen to volatilise 
the mercury. A white metal remained. 
Metallic radium melts at about 700° 0. and 
the vapour given off rapidly attacks quartz. 
The metal turns black in air, possibly owing 
to the formation of a nitride ; it chars paper 
and dissolves rapidly and completely in Avater 
and in dilute hydrochloric acid. It decomposes 
water with the evolution of hydrogen forming 
radium hydroxide solution. 

§ (5) Atomic Weight. — ^Mme Curie made 
several determinations of the atomic weight 
of radium, by treating purified radium chloride 
AAuth silver nitrate and estimating the amount 
of silver chloride obtained. The last deter- 
mination made by her gave a value 226-4 for 
the atomic weight.® Employing the same 
method and about 1-35 grammes of purified 
radium chloride O. Honigsehmid ® obtained 

^ Oomptes Rendus, 1010, cli. 623. 

“ IMd., 1907, cxlv. 422. 

“ Wien. Bar., 1911, cxx. 1617. 


the value 22.5-9.'5. A similar set (.)f experi- 
ments Avith the bromide gave 225-96. A 
spectroscopic examination of the final bromide 
preparation used showed that it contained 
less than 0-002 per cent of barium. The 
A'alue 226 is at present accepted as the atomic 
Aveight of radium. 

§ (6) SrEOTRHM. — Demar 9 ay * showed that 
radium gaAm. a well-marked and characteristic 
spectrum. TAvelve lines Avere observed be- 
tween X = 5000 and X = 3500/Xya, together 
with well-marked bands. The general aspect 
of the spectrum is that of the alkaline earths — 
these metals have well-marked line spectra 
with a number of bands. Later the spark 
spectrum of radium Avas examined by Runge,® 
Exner and Haschek,® Crookes,’ Runge and 
Precht.® The chief lines observed, in order 
of decreasing intensity, were : 3814-6, 4682-4, 
43-l:0-8, 5729-2, 4826-1, 4436-6, 6813-8, 6200-6, 
5958-4, 5660-8, 4533-3, 2813-8 Radium 
salts give a fine carmine coloration to the 
Bunsen flame. The flame spectrum of radium 
AA'as examined by Runge and Precht.® The 
following lines and bands shoAA'ed up clearly : 
4826, 6130-6330, 6329, 6349, 6630-6700, and 
6653. A good teat of the completion of the 
separation of barium and radium is the relative 
intensities of the lines 4533-3 (radium) and 
4554-2 (barium). These two lines are of 
same intensity Avhen only 0-6 per cent barium 
is present in the radium salt. An activity 
fifty times as great as that of metallic uranium 
is required to distinguish clearly the principal 
radium line (3814-6 /r/x) in the spark spectrum. 
With a sensitive electrometer the radioactivity 
of a substance, only one-hundredth of that of 
metallic uranium, can be detected, so that f.he 
ionisation method of detecting radium is 
much more sensitive than the spectroscopic 
method. 

§ (7) Salts of Radium. — The salts of 
radium resemble the corresponding salts of 
barium. Radium sulphate is loss soluble 
than the barium salt, the carbonate also is 
sparingly soluble. F or a 50 per cent or Aveakor 
solution of sulphuric acid the solubility of 
radium sulphate is practically the same as 
that in water, namely 2-0 x 10"® gra. RaSO^ 
per c.e, at 25° C. This value is that pre- 
dicted from comparison AAoth the decreasing 
solubilities of Ca, Sr, and Ba sulphates. On 
increasing the concentration of HaSOi above 
65 per cent, a marked rise in solubility of RaSO,, 
takes place j it is more than tAA'ol ve times as 
soluble in 70 per cent as in 05 per cent acid.^® 

* Comples Rendus. 1898, cxxvii. 1218. 

“ Ann. d. Rhys., 1900, ii. 742 ; 1903, xli. 407. 

“ Wien. Rer., 1901, cx. 004. 

’ Roy. Son. Proo., 1904, A,lxxli. 296. 

« Ann. d. Rhys., 1904, xlv. 418. 

» Ibid., 1903, X. 055. 

tJnderAvood and Wliittemore, Am. Chem. Soc. J., 
1918. xl. 
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The bromide and chloride crystallise with two 
molecules of Avater: E.aCl22H20, RaBr22H20, 
and these crystals are isomorphous with 
the corresponding barium salts. The radium 
halides are much less soluble than the 
barium lialides. Several other salts, for in- 
stance nitrate, azoimide, cyanoplatinate, have 
been prepared. The radium salts when freshly 
made are Avhite, but they afterwards become 
yellow and brown, particularly if the Salta 
are imimre. Solutions of radium salts have 
a blue luminescence and the salts are all 
luminous in the dark. The following table 
gives the percentages of radium element in 
some of the radium salts ; 


Table I 


Suit. 

Funiiiilft. 

Percentage of 
Kiidiuin Blomenfc 
in Pure 
Itarlium Salt. 

Radium bromide ) 
crystalline 1 

RaBr22H20 

poi- i-eufc 

63-6 

Radium bromide \ 

RaBrj 

58-6 

anhydrous 1 

Radium clilorido ) 

RaCl22H20 

67-9 

crystalline / 

Radium chloride \ 

RaCla 

76-1 

anhydrous j 

Radium sulphate 

RaSOi 

70-2 

Radium carbonate 

ROiG'Og 

79 0 


§ (8) Ratio op Radium to Ubanittm in 
Minerals. — In the early stages of radio- 
activity Rutherford and Soddy had suggested 
that radium was a disintegration product 
of one of the radioactive substances in 
pitchblende and, since radium was always 
found associated Avith uranium, it appeared ! 
probable that uranium Avas the primary 
source from which radium was derived. If 
this were the case the weight of pure radium 
per gramme of uranium in a mineral in radio- 
active equilibrium should be a definite con- 
stant. A large number of radioactive minerals 
were examined by different investigators Avith 
a Anew to testing this conclusion. The ratio 
of the amount of radium to uranium in the 
older minerals showed remarkable constancy ; 
minerals of more recent formation, however, in 
which radioactive equilibrium had not been 
established, showed variation, and according 
to expectation the values of the ratios were 
ahvays lower than in the older minerals. 
The weight of pure radium per gramme of 
uranium in a mineral in radioactive equi- 
librium was found by Rutherford and Bolt- 
Avood ^ to be 3-23 x 10"’ gramme, so that 323 
milligrammes of radium element are present 
per ton of uranium element approximately. 
This value of the “ equilibrium ratio ” has 
been confirmed by Lund and Whittemore ^ 

Ann. Journ. Sci., 1906, xxil. 1. 

“ Bur. of Mines, Tp.cJm. Papers, 1915, Ixxxviii, 


Avho examined samples of camotite represei 
ing largo quantities of the ore (a few hundr 
pounds to several tons). Samples from sm, 
quantities of ore — hand specimens up to 
few pounds — tended to exhibit abnorir. 
ratios ; in one instance the ratio was as Ic 
as 2-48 X 10"’, in another it was as high 
4-6 X 10“’. These abnormal differences are p 
doAAm to local variations AA-hich are equaliai 
in large samples. 

§ (9) Estimation op Radium. — ^The qua 
tity of radium in a preparation is estimate 
in terms of the International Radium standar 
This standard is a specially purified specime 
of radium chloride containing 21-99 mill 
grammes of radium chloride prepared 1; 
Mine. Curie. It is kept at the Bureau Inte 
national des Poids et Me.sures, S^svres, Pari 
Copies of this standard have been supplie 
to the National Physical Laboratory, Tedclinj 
ton, and to the official testing institutions c 
other countries, Avho undertake the determint 
tion of the quantity of radium contained i 
preparations submitted to them. 

Tavo general methods have been employe 
for determining quantitatively the amoun 
of radium in a preparation, namely, the q-ra; 
method Avhich is suitable for measurini 
quaiAtities of radium varying from 0-1 milli 
gramme to 1 gramme, and the emanatioi 
method which is suitable for measuring smal 
quantities of the order of 10"® milligramme, 

(i.) The, y-ray Method. — This method o 
measurement depends upon tho fact that th 
radium in a radium salt, hermetically sealei 
in an enclosure, is in equilibrium with it 
products of disintegration in about a month’ 
time after tho preparation of tho salt, am 
emits a very penetrating 7 -radiation, th 
intensity of AA'hich is proportional to th 
amount of radium present. The radium itsol 
omits no 7 -radiation, neither do the nex 
three products Avliich follow it, except radiur 
B wliich gives off soft 7 -radiation ; th 
penetrating 7 -rays of radium are entire!; 
due to the fourth, product radium 0 , am 
it is for this reason that it is necessar; 
to enclose the salt in a hermetically sealei 
tube, so that equilibrium has been estabhshei 
before measurements are taken. It is onl; 
Avhon equilibrium has been attained tha 
the 7 -radiation gives a measure of the radiur 
present in tlie tube. 

(a) Eut?ierford’a Direct Method. — To measur 
the quantity of radium in a sample in term 
of the standard the 7-ray actmty of each pri 
paration is measured under identical condition 
by means of an electroscope and ionisatio: 
chamber. The apparatus employed is shoAv 
in Fig. 1. The rates of fall of the electroscop 
leaf after correcting for natural leak ar 
directly proportional to the amounts of radiur 
in the tubes and thus give a direct compariso: 
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of their amounts. It is essential for accurate 
measurements that the electric field inside 
the ionisation chamber is strong enough to 
produce saturation. The most accurate com- 
parisons are those made when the sample and 
standard contain about the same quantity of 
material ; comparisons correct to about 1 per 


Ionisation Chamber 


To High 
Potential 



O 

t 

Radium Sait 


cent can be made, however, when one sample 
is ten times as strong as the other if a sufficient 
number of readings be taken. It is advisable 
to make comparisons at different distances 
from the ionisation chamber and also to place 
different thicknesses of absorbing screens in 
front of the chamber. The ratio of the 
activity of the two samples should remain 
constant during these modifications. Measure- 
ments should not be made with the samples 
too near the electroscope because a small 
displacement relative to the electroscope 
introduces a large error. It is essential to 
prevent radiation other than 7-radiation from 
entering the chamber. The latter is therefore 
made of lead at least 3 
millimetres thick and the 
windows of the electroscope 
should be made of thick 
lead glass and be well ^ 
guarded by lead shields. 

These precautions prevent 
the entry of ^-radiation, 
but scattered 7-radiation 
from objects in the neigh- 
bourhood of the apparatus 
will always enter the ap- 
paratus, and for this reason 
such objects should not be 
moved during the course of a comparison. 
It is of advantage to enclose the radium 
in small tubes so that they act as point 
sources, also the walls of the tubes should 
not exceed 0-2 millimetre in thickness. If 
they do not exceed this thickness the correc- 
tion due to absorption of the rays in the glass 
is negligible. For thicker walls, a correction 
will have to be applied, the absorption 
coefficient of the rays in glass being 0-10 per 
cm. It is convenient to have at hand a series 
of graduated standards, say OT, 1, 5, 10, 30 
milligrammes radium element for the compari- 


sons. The error introduced on account of 
lack of saturation may be sciious when 
quantities of radium of very different activities 
are compared by the above method. The 
graduated standards would be useful in this 
connection, because they could be combined 
together to give an amount of radium approxi- 
mately equal to that in the tube to bo tested. 

(6) Rvlherford and Chadwich's Melliod . — 
Another delicate method of comparison has 
been devised by Rutherford and Chadwick.^ 
The method consists in balancing the current 
produced in an ionisation vessel by the 7-rays 
from the two specimens of radium to be com- 
pared in turn against that produced in a 
second vessel by uranium placed inside it. 
The ionisation in this vessel remains constant 
whilst that in the other one is varied by 
altering the distance of the radium from 
it. When the ionisation currents have been 
balanced the position of the racUum on a scale 
gives a measure of the quantity present. 

The disposition of the apiraratus is shown 
diagrammatioally in Fig. 2. In the apparatus 
described by Rutherford and Chadwick, the 
vessel A consists of a lead cylinder 2 cm. 
thick, 10 cm. long, and of internal diameter 
15 cm. The end of the vessel, through which 
the 7-rays enter, is covered with a lead plate 
1 cm. tliiok. This vessel is placed at one end 
of a graduated scale about four metros long 
along which a slide carrying the radium R 
can be moved to any desired distance from it. 
The insulated electrode of the chamber is 
connected to that of the chamber B by a wire 
which is enclosed in an earthed tube T, about 



3 to 4 metres hmg, which can be evacuated. 
This prevents the production of ionisation 
in the tube by stray 7-rays which would 
vitiate the results. The vessel B is a brass 
cylinder 4 era. high and 4 cm. in diameter. 
The ionisation in this vessel is produced by 
the a-rays emitted by a film of uranium oxide 
deposited on a plate placed at the bottom 
of the chamber. The ionisation can bo varied 
over a large range by opening or shutting an 
iris diaphragm placed above the uranium. 
The insulated system is connected through 
* Phya. Soc. Proc., 1912, xxiv. 141. 
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an earthing key K to one pair of quadrants (c) Mme Curie’ti Method . — A y-ray metln 
of the electrometer E, the other pair of due to Mme Curie is shown in Fig. 3. T; 
qxiadrants being earthed. In order to pro- radium is placed on top of a large circul 
duee ionisation currents in opposite directions plate condenser C consisting of txvo shee 
in the two chambers, the one chamber is coft- of lead about 80 cm. diameter and 5 mr 


nected to a potential (usually 
about 200 volts) equal and 
oirposite t(x that on the other. 
The electrometer and ionisation 
chamber B are both cnchjsed 
in a box covered with lead 
5 mm. thick, and as a further 
protection from the 7-rays, the 
vessel B is enclosed in a lead 
cylinder 6 cm. high and 3 cm. 
thick, and insulated from it. 
It is convenient to arrange the 
apparatus so that the move- 
ment of the spot of light on 
the scale can be watched at 



the same time that the earthing key is worked 
and the shde carrying the radium is moved 
along the scale. 

In making a comparison of two preparations 
of radiunr, the only measurements required 
are the distances of the balancing points from 
the surface of the chamlxer. It is necessary, 
however, to know the depth of the ionisation 
chamber A, and a correction has to be made 
for the absorption of the 7-rays in the air 
between the sources and the vessel A. In 
the calculation use is made of the fact that 
over a wide range of distance the intensity 
of the radiation producing ionisation is in- 
versely proportional to the .square of the 
distance of the radium from the ionisation 
vessel. 

If r is the distance of the radium from 
the front surface of the ionisation vessel and 
t the thickness of the lead plate covering it, 
then if is the absorption coefficient of the 
7-rays in lead and g their absorption coeffi- 
cient in air, the intensity of the radiation 
in the ionisation vessel is proportional to 
e~H-it-e~fi'>'/r(r + d), tvhere d is the depth of 
the ionisation vessel, which is small compared 
with r. 

Hence if milligrammes of radium, placed 
at a distance i\, produce the same ionisation 
in the vessel as R2 milligrammes placed at a 
distance rg, then 

'>'i{ri+d)~7\lr^ + dy 
Rx n-r,+d-^ 

Tliis method can be employed to measure 
quantities of radium greater than one milli- 
gramme to an accuracy of about 1 part in 
400. Smaller quantities than this have to 
be brought so near to the ionisation vessel 
that the inverse square law no longer holds. 


thick. An insulated aluminium plate situate 
between the lead plates, with a clearance c 
about 2 millimetres on either side, serves a 
the electrode. To obtain saturation the lea 
plates are connected to a high potential. Th 
ionisation current produced is balanced b 
the use of a qixartz piezo-eloctrique Q. Tli 
relative saturation currents produced by th 
test and standard preparations afford a definit 
measure of the radium present. 

(d) Soddy's Method. — Socldy describes ; 
7-ray method by which the radium content 0 
a low-grade preparation can be estimated. 
A spherical flask is filled with a known weigh 
of the salt and sealed up. After equilibriun 
lias been attained a comparison is made be 
tween this and the standard by the first methoc 
described above. An acourate correction car 
be made in this instance for the absorption 0: 
the rays in the salt. Suppose I is the in 
tensity of the radiation observed from the flasl 
and Ifl what it would be if no absorption 0: 
the radiation occurred. Then it can be showr 
that 

~ = 1 -|g.R + t'o ~ Ma^R)® + •!?s(A<'R)*‘ 

~Ti'u(MR)'’+ • • • ) 

where g is the absorption coefficient of the 
radiation in the material and R the radius 
of the flask. The value of g/p whore p is the 
density may be taken as 0'040, the density 
of the substance being taken as the mass 
divided by the known volume V of the flask. 
The series is rapidly converging, and three or 
four terms xvill suffice in most cases. 

For a rapid approximate estimation of 
radium in minerals Soddy employs a large 
lead electroscope, about 20 cm. high by 20 
cm. diameter and of wall thickness 0-4 cm.' 

’ Socldy, The Chemistry of the Radio-elements, 1917, 
i. 93. 
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The windows are made of lead glass and 
are shielded by lead so as to prevent the 
entry of secondary radiation into the electro- 
scope. The leaf system is of the simple type 
and is insulated by sulphur. In comparing 
pitchblendes and other minerals a lump of 
20 to 100 grammes, according to the rich- 
ness of the mineral, is taken and placed on 
top of the electroscope. The increase in the 
leak is compared with that produced by a 
similar lump of a standard pitchblende, the 
uranium content of which is known. These 
measurements supply enough data to calculate 
the amount of radium in the mineral. For 
example : 

Per cent. Weight. Leak of 
U Electroscope. 

Standard . . GO 21 gma. 12 div. per min. 

Specimen tested , x 30 „ 8 „ „ „ 

X X 60=28 per cent. 

The “ equilibrium ratio ” of radium to uranium 
in a mineral of old formation is 0*323 x 10"®, 
that is, there are 323 milligrammes of radium 
element present per ton of uranium element. 
Hence the amount of radium in the above 
sample is 0*28 x 0-323, i.e. 0*090 gramme per 
ton of mineral. 

(ii.) The JUmanation Method . — Tliis method 
is very suitable for accurate measurements 
of minute quantities of radium. It depends 
on the fact that radium produces a gaseous 
product, the emanation, of a comparatively 
long period of transformation which can be 
separated completely from radium solutions. 
The emanation reaches its equilibrium value 
after the radium solution has been sealed up 
in an enclosure for about a month ; when 
tills stage is reached the amount of emanation 
present is proportional to the radium content 
of the solution. As a standard of comparison 
it is necessary to prepare solutions containing 
a known quantity of radium which has been 
measured by one of the y-ray methods. A 
standard solution is prepared as follows : 
A known quantity of radium salt, say 1 milli- 
gramme, is dissolved in distilled water contain- 
ing a little dilute hydrochloric acid so as to get it 
aU into solution. This is made up to a litre by 
the addition of water. One cubic centimetre 
of this solution is measured carefully, either 
by means of a pipette or by weighing, and 
transferred to another flask, and water added 
up to a known volume, say 1 litre : 1 cubic 
centimetre of this solution would therefore 
contain 10-® milligramme of radium. A 
number of solutions of different strengths are 
prepared in this manner and kept as standards 
of reference. It is essential to take great 
precautions that all the radium is initially 
put into solution, and it is advisable to add a 


little hydrochloric acid to the standard solu- 
tions wlicn they arc made, so as to ensure 
that the radium remains permanently dis- 
solved. After the standard solution is 
made, it is placed in a 'distilling flask 
which can be sealed up. Before sealing uji, 
however, the solution is thoroughly boiled 
to drive off all the emanation. Boiling for 
a few minutes suffices for this purpose. The 
flask is sealed up before it cools and is 
kept for a month to allow the emanation to 
accumulate. 

When the radium content of a sample is 
required, it is put into solutioir in a manner 
similar to that described above in the case 
of the standard. In a month after the vessel 
containing the solution is sealed, the emanation 
is transferred into an electroscope. This 
transference is effected by means of the 
apparatus shown in Fig. 4. Tlie distilling 



Ei«. 4. 


flask A, containing the radium solution, is 
opened and the air rushes into the partially 
exhausted vessel so that there is no loss of 
emanation. This is then connected to the 
gas burette B, which is filled with hot water 
forced into it from the flask 0. The 
flask A is then heated for about five minutes 
so as to drive the emanation into the gas 
burette ; the emanation collects in the top 
of the burette and does not dissolve in the 
hot water. Cold water dissolves the emana- 
tion to an appreciable extent. The flask A 
is again sealed, and the emanation in the 
burette sucked into an electroscope where its 
activity is measured. To do this the elootro- 
scojje is evacuated by means of a water pump 
and the emanation passed into it throiigli a 
drying tube. The burette is finally discon- 
nected from the drying tube and a stream of 
dry air allowed to pass into the electroscope 
until atmospheric pressure is established. The 
electroscope is then closed. The rate of leak 
due to the emanation in the electroscope in- 
creases rapidly at first and then more slowly, 
reaching a maximum in about three hours 
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after the introduction of the emanation. The 
increase of leak is due to the production by 
the emanation of its products — radium A, 
radium B, and raflium C. During this interval 
it is advisable to keep the leaf of the electro- 
scope negatively charged so as to concentrate 
the active deposit on the central rod. Owing 
to the intense field near the central electrode, 
saturation is obtained more easily than if the 
active deposit wore driven to the walls of 
the electroscope. Bor accurate work it is 
desirable to take measurements of the leak 
when at its maximum. The emanation should 
be swept out of the electroscope as soon as 
the measurements are made, so as to avoid 
contamination from radium F, which will 
increase the natural leak. 

The same procedure is gone through with 
the standard solution. The ratio of the leaks 
in the two cases gives a measure of the 
amount of radium in the sample in terms of 
the standard. 

The emanation method is very accurate and 
reliable. The emanation from 10"® milli- 
gramme of radium gives a comparatively 
rapid dischai-ge, and it is possible to measure 
one-hundredth of this quantity with cer- 
tainty. 

§ (10) Mesothorium. — The y-ray method 
does not differentiate between radium and 
mesothorium, both of which emit penetrating 
7 -radiation. The penetrating power of the 
ra 3 fs from racUura is slightly greater than that 
of the rays from, mesothorium, and a careful 
comparison of the absorption of the rays in 
lead will reveal the contamination of radium 
by mesothorium without the necessity of 
opening the tube containing the preparation. 
A more satisfactory, although a more laborious 
method of detecting the presence of meso- 
thonum is to dissolve the salt and drive 
off the emanation. If the solution contains 
no mesothorium the y-ray intensity will 
almost vanish after three hours ; this will not 
be the case if there is any mesothorium 
present. The objection to this method is that 
the tube containing the preparation must be 
opened, which involves the risk of the loss of 
some of the material. 

The carnotites are known to contain only 
a negligible amount of mesothorium. Tests 
made at the Bureau of Standards, Washington, 
on radium produced from this ore indicated 
that the mesothorium present did not exceed 
0-2 per cent of the radium content of the 
material. Consequently it is quite safe to 
assume that the radium produced from these 
deposits is practically free from mesothorium. 

§ (11) RADitTM Constants. — Radium itself 
emits 3‘fi7 x 10^® a-particles per second per 
gramme of radium ; when in equilibrium with 
its products 14-3 x 10^® are expelled per second 
per gramme of radium. The total charge 


carried by the a-particles emitted per second 
from 1 gramme of radium and from each ol 
its products in equilibrium with it is 33-2 e.s.u. 
or 1-11 X 10'® e.m.u.^ 

The quantity of emanation in equilibrium 
with 1 gramme of radium is known as a curia 
of emanation, and one-thousandth part of it 
is a millwirie. Similarly the quantity of 
radium A, radium B, and radium C in equi- 
librium with one gramme of radium are Icnown 
as one curie of radium A, radium B, or radium C 
respectively. The total ionisation current due 
to a-rays from one curie of emanation is 
2-89 X 10® e.s.u. when the emanation is by 
itself and 9-94 x 10® e.s.u. when it is with its 
a-ray products.® The total charge carried by 
the |3 -particles emitted per second by Ra B or 
Ra C in equilibrium with 1 gramme of radium 
is 18-3 e.s.u.® The volume of the emanation 
from 1 gramme of radium in equilibrium is 
0-63 cubic millimetre, which agrees closely 
with the value calculated from the knowledge 
of the num1)er of a-particles emitted per 
second, per gramme of radium itself, namely, 
0-62 cubic millimetre.®' The total heating 
effect of 1 gramme of radium and its products 
in equilibrium with it is 134-7 gramme calories 
per hour. The contribution to this total 
amount by each of the products is as follows : 

Radium alone . 

Radium emanation . 

Radium A . 

Radium B \ 

Radium C / ‘ 

The production of helium by radium was 
investigated by Ramsay and Soddy.® Puri- 
fied emanation from about 50 milligrammes of 
radium bromide was introduced into a small 
spectrum tube. No helium could be detected 
spectroscopically immediately after the intro- 
duction of the emanation, but after standing 
for four days the helium spectrum appeared 
wdth all its characteristic lines. This showed 
that helium is produced directly by the trans- 
formation of the radium emanation. It was 
the first definite evidence of the production of 
a known element during the transformation 
of radioactive matter. Boltwood and Ruther- 
ford® found experimentally that 164 cubic 
millimetres of helium are produced per gramme 
of radium per year ; this figure is in good 
agreement with that found bj^ calculation, 
namelj% 163 cubic millimetres. 

From the number of a-particles emitted per 
second by 1 gramme of radium Rutherford 
and Geiger calculated that the half-value 

^ Rutherford and Geiger, Roy. Soo. Proa., 1908, 
A, Ixxxi. 141. 

® Geiger, ibid., 1009, A, Ixxxii. 480. 

“ Moseley, ibid., 1012, A, Ixxxvii. 230. 

* Rutherford, Phil. May., 1908, xvi. 300. 

“ Roy. Soc. Proc.., 1903, A, Ixxii. 204. 

» Phil. Mag., 1911. xxll. 686. 


26-1 gramme calories per hour. 
28-6 

30-6 „ „ „ 
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period of transformation of radium was IfiQO 
years. Boltwood^ determined this quantity 
experimentally by separating the whole of the 
ionium present in a uranium mineral and 
determining the growth of the radium from 
it in terms of the equilibrium amount of radium 
in the mineral. He found that the half- value 
period was about 2000 years. A more recent 
determination by this method, and emplojung 
four different minerals, has been made by 
Mile. Gleditsch.^ The mean of the four deter- 
minations gave the value 1660 years for the 
half-value period, which agrees more closely 
with the above-calculated value. If Iq is the 
initial activity of radium and I its activity 
after an interval of time t, then = 
where X is a constant known as- the “ radio- 
active constant.” It may be defined as the 
fraction of the total amount disintegrating 
per unit of time, assuming the time unit to 
be so small that the quantity at the end of 
the time unit is not sensibly different from that 
at the beginning. For radium I/I(,=0-5 
when 1 = 1690 years, so that X=4-1.0xl0-^ 
per year. An atom disintegrating according 
to the above law can bo shown to have an 
average life of 1/X, which in the case of radium 
would be 2440 years. 
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Radhtm, Principal Commercial Ores op, 
pitchblende and carnotite. See “ Radium,” 
§( 2 ). 

Radium Active Deposit, Decay op. See 
“ Radioactivity,” § (20) (ii.). 

Radium Content op Luminous Compound, 
measurement of, by y-ray method. See 
“ Luminous Compounds,” § '(5). 

Radium Emanation : a gaseous product of the 
disiutegration of radium ; employed as the 
basis of an accurate method of measurement 
of minute quantities of radium. See 
“ Radium,” § (9) (v.). 

Radium Luminous Compound, Photometry 
op. See “ Photometry and Illumination," 

§ (125). 

Radium Painted Dials, Photometry op. 
See “ Photometry and Illumination,” § (127). 

Ramsden’s Eyepiece. See “ Eyepieces,” § (3) ; 
“ Telescope,” § (6). 
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RANGE-FINDER, SHORT-BASE 

§ (1) Early History op the Ranqe- 
PINDER. — The evolution of the short home- 
base range-finder provides one of the most 
interesting stories in the whole range of 
applied optics. From the earliest times, the 
distances of inaccessible objects have been 
determined by simple triangulation methods. 
This has resulted in a constant demand for 
instruments of the tlieodolite type, designed 
to measure angles in azimuth with the greatest 
possible accuracy. When, however, the prob- 
lem of determining ranges during a battle, 
under the eyes and fire of the enemy it might 
he, became an urgent one, it Avas soon dis- 
covered that what were in essence surveying 
methods suffered under great disadvantages. 
They necessitated the uso of a comparatively 
long base, and tho employment of a number 
of men, for the carrying out of an operation 
which toolv a considerable time, and had to 
he conducted under conditions which made 
accurate work difficult. Thus arose the 
demand for tho short-base, single-observation 
range-finder. 

In the earlier forms of short-base range- 
finders two theodolites in e/Teot were mounted 
at the ends of a known and rigid base. Tho 
theodolite telescopes were directed either 
successively by a single observer, or simultane- 
ously by different observers, on to the distant 
object, and the oonvergence angle determined 
from the readings of the theodolites. 

In later forms of this ty])c the two telescopes 
were fixed rigidly to tho ends of tlio base with 
their axes parallel to one another and at right 
angles to the base. In making an observation 
the image of tho object was brought on to tlio 
fixed cross-wires of one telescope, l)y rotating 
the range-finder in azimuth, and then the 
displacement of tho image from the axis in 
tlio second telescope was determined by an 
ocular micrometer, graduated, it might bo, to 
give ranges. This mai’ked a decided advance. 
In effect the object was brought into position 
along tho axis of one telescope, and the range 
determined from tho parallaotio displacement 
of its image in the field of view of tho other 
telescope. 

Tho two-independent-telesoope tj’^pe, how- 
ever, was open to manifest objections. When 
two observers were employed it was difficult 
to ensure that the same object was being 
ranged upon in each telescope, and ranging 
upon a moving object presented even greater 
difficulties. It was thus realised that the two 
telescopes employed should project their 
images into a single common eyepiece, so that 
the two images given by the two telescopes 
could be observed simultaneously by a single 
observer. 

One of the earliest forms of coincidence, or 
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after the introduction of the emanation. The 
increase of leak is due to the production by 
the emanation of its products — radium A, 
radium B, and radium C. During this interval 
it is advisable to keep the leaf of the electro- 
scope negatively charged so as to concentrate 
the active deposit on the central rod. Owing 
to the intense field near the central electrode, 
saturation is obtained more easily than if the 
active deposit were driven to the walls of 
the electroscope. For accurate work it is 
desirable to take measurements of the leak 
when at its maximum. The emanation should 
be swept out of the electroscope as soon as 
the measurements are made, so as to avoid 
contamination from radium F, which will 
increase the natural leak. 

The same procedure is gone through with 
the standard solution. The ratio of the leaks 
in the two cases gives a measure of the 
amount of radium in the sample in terms of 
the standard. 

The emanation method is very accurate and 
reliable. The emanation from 10~® milli- 
gramme of radium gives a comparatively 
rapid discharge, and it is possible to measure 
one-hrmdredth of this quantity with cer- 
tainty. 

§ (10) Mesothoridm. — The y-ray method 
does not differentiate between radium and 
mesothorium, both of which emit penetrating 
y-radiation. The penetrating power of the 
ra3'^s from radium is slightly greater than that 
of the rays from mesothorium, and a careful 
comparison of the absorption of the rays in 
lead win reveal the contamination of radium 
by mesothoriu m without the necessity of 
opening the tube containing the preparation. 
A more satisfactory, although a more laborious 
method of detecting the presence of meso- 
thorium is to dissolve the salt and drive 
off the emanation. If the solution contains 
no mesothorium the y-ray intensity wdll 
almost vanish after three hours ; this will not 
be the case if there is any mesothorium 
present. The objection to this method is that 
the tube containing the preparation must be 
opened, which involves the risk of the loss of 
some of the material. 

The carnotites are known to contain only 
a negligible amount of mesothorium. Tests 
made at the Bureau of Standards, Washington, 
on radium produced from this ore indicated 
that the mesothorium present did not exceed 
0-2 per cent of the radium content of the 
material. Consequently it is quite safe to 
assume that the radium produced from these 
deposits is practically free from mesothorium. 

§ (11) RADrcTM Constants. — ^Radium itself 
emits 3-67 x a-particles per second per 
gramme of radium ; when in equilibrium with 
its products 14'3 x 10^® are expelled per second 
per gramme of radium. The total charge 


carried by the a-particles emitted per second 
from 1 gramme of radium and from each of 
its products in equilibrium with it is 33-2 e.s.u. 
or 1-11 x 10"® e.m.u.^ 

The quantitj’- of emanation in equilibrium 
with 1 gramme of radium is kno^vn as a curie 
of emanation, and one-thousandth part of it 
is a millicurie. Similarly the quantity of 
radium A, radium B, and radium C in equi- 
librium with one gramme of radium are luiown 
as one curie of radium A, radium B, or radium ,C 
respectively. The total ionisation current due 
to a-raya from one curie of emanation is 
2'89 X 10® e.s.u. when the emanation is by 
itself and 9-94 x 10® e.s.u. when it is with its 
a-ray products.^ The total charge carried by 
the ^-particles emitted per second by Ra B or 
Ra C in equilibrium with 1 gramme of radium 
is 18-3 e.s.u.® The volume of the emanation 
from 1 gramme of radium in equilibrium is 
0-63 cubic millimetre, which agrees closely 
with the value calculated from the knowledge 
of the number of a-particles emitted per 
second, per gramme of radium itself, namely, 
0-62 cubic millimetre.'^ The total heating 
effect of 1 gramme of radium and its products 
in equilibrium with it is 1 34-7 gramme calories 
per hour. The contribution to this total 
amount by each of the products is as follows : 

Radium alone . . 26T gramme, calories per hour. 

Radium emanation . 28-6 „ „ „ 

Radium A , . . 30'5 „ „ „ 

Radium B I 
Radium C / * ’ 

The production of helium by radium was 
investigated by Ramsay and Soddy.® Puri- 
fied emanation from about 50 milligrammes of 
radium bromide was introduced into a small 
spectrum tube. No helium could be detected 
spectroscopically immediately after the intro- 
duction of the emanation, but after standing 
for four days the helium spectrum appeared 
with aU its characteristic fines. This showed 
that helium is produced directly by the trans- 
formation of the radium emanation. It was 
the first definite evidence of the production of 
a known element during the transformation 
of radioactive matter. Boltwood and Ruther- 
ford® found experimentally that 164 cubic 
millimetres of helium are produced per gramme 
of radium per year ; this figure is in good 
agreement with that found by calculation, 
namely, 163 cubic millimetres. 

From the number of a-particles emitted per 
second by 1 gramme of radium Riitherford 
and Geiger calculated that the half-value 

^ Rutherford and Geiger, Roy. Soc. Proc., 1008, 
A, Ixxxi. 141 . 

“ Geiger, ibid., 1909, A, Ixxxii. 480. 

“ Moseley, ibid^ 1912, A, Ixxxvii. 230. 

‘ Rutherford, Phil. Mag., 1008, xvi. 300. 

“ Roy. Soc. Proc., 1903, A, ixxii. 204. 

‘ Phil, Mag., 1911. xxii. 580, 
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period of transformation of radium was 1690 
years. Boltwood^ determined this quantity 
experimentally by sejiarating the whole of the 
ionium present in a uranium mineral and 
determining the growth of the radium from 
it in terms of the equilibrium amount of radium 
in the mineral. He found that the half- value 
period was about 2000 years. A more recent 
determination by this method, and employing 
four different minerals, has been made by 
Mile. Gleditsch.® The mean of the four deter- 
minations gave the value 1660 years for the 
half-value period, which agrees more closely 
with the above-calculated value. If I(j is the 
initial activity of radium and I its activity 
after an interval of time t, then 
where X is a constant kno-wn as- the “ radio- 
active constant.” It may be defined as the 
fraction of the total amount disintegrating 
per unit of time, assuming the time unit to 
be so small that the quantity at the end of 
the time unit is not sensibly different from that 
at the beginning. For r-adium I/Io=0-6 
when i = 1690 years, so that X=4-10xIO~* 
per year. An atom disintegrating according 
to the above law can be shown to have an 
average life of l/\, which in the case of radium 
would be 2440 years. 
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RADrUM, Pbinoipal Commeboial Obes of, 
pitchblende and carnotito. See “ Radium,” 
§{ 2 ). 

Radium Active Deposit, Decay of. See 
“ Radioactmty,” § (20) (ii.). 

Raditim Content of LtrMnsrous Compotind, 
measurement of, by 7-ray method. See 
“ Luminous Compounds,” § ‘(5). 

Radium Emanation : a gaseous product of the 
disintegration of radium ; employed as the 
basis of an accurate method of measurement 
of minute quantities of radium. See 
“ Radium,” § (9) (v.). 

Radium Luminous Compound, Photometby 
OE. See “ Photometry and Illumination,” 
§ (125). 

Radium Painted Dials, Photometry op. 
See “ Photometry and Illumination,” § (127). 

Ramsdbn’s Eyepiece. See “ Eyepieces,” § (3) ; 
“ Telescope,” § (6). 

* Am. J. Sci., 1908, xxv. 493. 

“ Ibid., 1910, xli. 112. 


RANGE-FINDER, SHORT-BASE 

§ (1) Eaely Histoby oe the Ranqe- 
PINDEB. — The evolution of the short home- 
base range-finder provides one of the most 
interesting stories in the whole range of 
applied optics. From the earliest times, the 
distances of inaccessible objects have been 
determined by simple triangulation methods. 
This has resulted in a constant demand for 
instruments of the theodolite type, designed 
to measure angles in azimuth with the greatest 
possible accuracy. When, however, the prob- 
lem of determining ranges during a battle, 
under the eyes and fire of the enemy it might 
be, became an urgent one, it was soon dis- 
covered that what were in essence surveying 
methods suffered under great disadvantages. 
They necessitated the use of a comparatively 
long base, and the employment of a number 
of men, for the carrying out of an operation 
which took a considerable time, and had to 
be conducted under conditions which made 
aoenrate work difficult. Thus arose the 
demand for the short-base, single-observation 
range-finder. 

In. the earlier forms of short-base range- 
finders two theodolites in effect were mounted 
at the ends of a known and rigid base. The 
theodolite telesco])es were directed either 
successively by a single observer, or simultane- 
ously by different observers, on to the distant 
object, and the convergence angle determined 
from the readings of the theodolites. 

In later forms of this type the two telescopes 
were fixed rigidly to the ends of the base with 
their axes parallel to one another and at right 
angles to the base. In making an observation 
the image of the object was brought on to the 
fixed cross-v’-iros of one telescope, by rotating 
the range-finder in azimuth, and then the 
displacement of the image from the axis in 
the second telescope was determined by an 
ocular micrometer, graduated, it might be, to 
give ranges. This marked a decided advance. 
In effect the object was brought into position 
along tho axis of one telescope, and the range 
determined from the parallactic displacement 
of its image in the field of view of the other 
telescope. 

The two-independent-telescope ts'pe, how- 
ever, was open to manifest objections. When 
two observers were employed it was difficult 
to ensure that the same object was being 
ranged upon in each telescojie, and ranging 
upon a moving object presented even greater 
difficulties. It was thus realised that the two 
telescopes employed should project their 
images into a single common eyepiece, so that 
the two images given by the two telescopes 
could bo observed simultaneously by a single 
observer. 

One of the earliest forms of coincidence, or 
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rather superposition, range-finders, was that 
invented in 1775 by an optician named 
Magellan. In this apparatus, as shown by 
Fig. 1, sliding telescopic tubes a and b carry 
mirrors M' and M at their outer ends, the 
latter mirror being fixed in front of a telescope 
L. Thus a distant object can be seen directly 
in the telescope L, and indirectly, after suo- 


I 



Pig. 1. 


cessive reflection of the light by mirrors M' 
and M. These mirrors are inclined at a small 
angle to one another so that within certain 
limits superposition of the image can be 
effected by adjustment of the base length. 
From this base length and the constant angle 
of convergence of the mirrors the range can 
be determined. A notable instrument of this 
type was also invented for military purposes 
by Brander, a description of which was pub- 
lished in 1781. 

An interesting range-finder was that patented 
in 1858 by General Clark (see Fig. 2). In this 
instrument a single telescope only was em- 
ployed. .Light from the object fell simultane- 



PlG. 2. 


ously upon two end reflectors R^ and Rg, 
from which the light passed to inclined 
reflectors Rg and R4 mounted in front of 
a telescope object-glass. Two pictures, dis- 
placed horizontally with respect to one another, 
wore thus seen in the focal plane of the eye- 
piece. This horizontal displacement, which 
was a measure of the range, was measured 
directly by means of a micrometer screw. 

It should be noted that Clark’s instrument 
was not, strictly speaking, a coincidence range- 
finder, since the actual displacement of one 


picture with respect to the other was deter- 
mined directly. It was, however, one of the 
earliest instruments of fixed base length which 
permitted of simultaneous observation by a 
single observer in a single eyepiece. 

In 18G0 Adie took out what would now be 
called a master patent for a short, constant 
base, coincidence range-finder. Up to this 
time coincidence, or superposition, had been 
secured by varying the base length ; or, the 
base length being fixed, the parallactic dis- 
placement in the ocular field had been 
measured directly. Fig. 3 is taken from Adie’s 
specification. An outer tube d carries a 
telescope system consisting of an object-glass 
6', prisms and p®, and an eyepiece a^. An 
inner tube d' pivoted at c carries a second 
telescope object-glass a' and prisms p, p'. 
Each of the telescopes therefore projects an 
image into the focal plane of the eyepiece a^. 
When the inner tube is rotated about its 
pivot c by the operation of a micrometer d^, 
the image produced by the telescopic system 
on the left is moved horizontally across the 



Fig. 3. 


line of sight in the field of view, and can thus 
be superposed, or brought into coincidence 
with the image produced by the telescope on 
the right, and the range determined. With 
such a simple system of reflecting separating 
prisma, partial fields with a sharp dividing 
line cannot bo obtained, a condition which 
has been shown to be essential to accurate 
work. 

An interesting specimen of Adie’s telemeter 
is to be seen in the Science Museum, South 
Kensington. It. has a base length of 3 ft. The 
parallactic angles are read off directly, whilst 
reference to a table carried by the instrument 
gives the corresponding ranges from 100 to 
2000 yards. The instrument was used on 
H.M.S. Triton, from 1885 to 1904, during the 
survey of the East Coast of England. 

Very soon after the date of Adie’s invention, 
the German optician Steinheil, and the French 
optician Tavernier, brought out coincidence 
range-finders in which the coincidence was 
brought about by a rotation of one of the end 
reflectors. Marindin as late as 1901 patented 
a range-finder in which coincidence was secured 
by a similar tilting of an end reflector. 

In 1868 Paschwitz described a range-finder in 
which coincidence was obtained by swinging 
a plane-parallel plate in the beam passing along 
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one of the telescopes, that is in a convergent 
beam. 

The pentagonal prism appears to have been 
first applied to range-finders by Colonel Goulier 
of the French Army about 1864. 

In 1885 Mallock introduced a range-finder 
in which an optical square made up of two 
plane refieotors, inclined at 45° to one another, 
was used as an end reflector. Coincidence was 
brought about by tilting a reflector by means 
of a micrometer. 

Finally, in 1888, Messrs. Barr & Stroud 
invented their well-known range-finder, which 
embodied in one instrument so many of the 
features which experience has shown to be 
essential for efficiency in a service instrument. 

Thus far we have dealt with the history of 
the coincidence or monocular type of range- 
finder only. Quite early, however, as we shall 
see, it was recognised that a second type, 
depending upon the plastic character of 
binocular vision, was possible. 

§ (2) Steeeoscopio Range-finders. — In 
binocular free vision, objects can be relatively 
positioned in the line of sight with very 
considerable accuracy, but a limit is imposed 
by the fact that before an object can be 
stereoscopically resolved, or seen in relief, it 
must have a certain minimum dimension in 
the line of sight, a dimension which, according 
to Helmholtz, must subtend angles at the eyes 
of the observer, the sum of which is at least 
equal to one minute of arc. This limiting 
angle, it may at once bo said, has been reduced 
to 20 seconds of arc, and even leas, by later 
workers. The sum of those angles, it can 
easily bo shown, measures the- change in the 
convergence angle of the axes of the eye when 
directed first at the nearer, then at the more 
remote end of the object ; thus, put in 
other words, the statement means that in 
order that two objects at different distances 
from an observer shall be seen as at different 
distances, the convergence angle of the axes 
of the eyes must change by at least 20" in 
passing from one object to the other. 

Now assuming an average inter-pupillary 
distance of 2|- inches, the distance at which 
this inter-pupillary distance subtends an angle 
of 20" is equal to 2|/ tan 20" inches, a 
distance of about 700 yards, whilst for an 
object at infinity the convergence angle is of 
course zero. Obviously, then, no two objects 
which occur in space outside a sphere with a 
radius of 700 yards can bo stereoscopically 
resolved, i.e. the radius of the spherical stereo- 
scopic field of free vision is about 700 yards. 
Nothing beyond that can bo seen in relief as 
compared with an object even at an infinite 
distance. A point of light, for instance, 
beyond 700 yards away cannot be seen to 
be in relief against stars in the sky. 

Accepting the principle of Helmholtz’s limit. 


it is obvious that the greater the inter- 
pupillary distance of an observer, the greater 
must be the radius of his stereoscopic field of 
view. Herschel and Helmholtz, independently 
of one another, very ingeniously took advan- 
tage of this fact about the years 1855-58, 
and by optically magnifying the inter-pupillary 
distance of an observer, gave to him increased 
stereoscopic power. Tliis was done by a 
reflecting system of four mirrors R^, Rj, R3, R^ 
(Fiff. 4). Light from a distant object point 



Fig. 4. 


•reaches the eyes respectively by successive 
reflections from the mirrors Rg and R^, and 
Rg and Rg. The effect of this is that the 
inter-pupillary distance ab is optically magni- 
fied to the distance AB, with a coi’responcling 
increase in stereoscopic power. The limit of 
20" now becomes (20 x AB)/a6 seconds. Her- 
schel and Helmholtz both proposed, further, to 
combine the reflecting system shown with a 
binocular telescope, and thus obtain a further 
increase in the final convergence angle, and 
thus, it may be remarked, a further increase 
of the radius of the spherical stereoscopic 
field of view. 

A remarkable reference to a stereoscopic 
range-finder occurs as early as 1738, in Smith’s 
A Compleal System of OptiksA The instru- 
ment and its use is described in the following 
words ; 

“ Having opened the points of a pair of 
compasses, somewhat wider than the interval 
of the eyes, with your arm extended, hold the 
head, or joint, in the ball of your hand, with 
the points outwards, and equidistant from 
your eyes, and somewhat higher than the 
joint. Then fixing your eyes upon any remote 
object lying in the line that bisects the interval 
of the points, you will first perceive two pairs 
of compasses (each leg being doubled) with 
their inner logs crossing each other, not unlike 
the old shape of the letter W. [The old W 
referred to was like two V’s slightly over- 
lapping.] But by compressing the legs with 
your hands, the two inner points will come 

‘ See A Compleat System of Optiks, vol. ii. p. 
388, 
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nearer to each other, and when they unite 
(having stopped the compression) the two 
inner legs will also entirely coincide and bisect 
the angle under the outward ones, and v'ill 
appear more vivid, thicker and longer than 
they do, so as to reach from your hand to the 
remotest object in view, even in the horizon 
itself, if the points be exactly coincident.” 

We have in the words quoted a very cora.- 
plete and interesting anticipation of what we 
shall subsequently refer to as the “ wandering- 
mark ” type- of stereoscopie range-finder. It 
is, however, to Hector Alexander de Grousilliers, 
who took Out a patent in 1893 for an “ Im- 
proved Stereoscopic Telemeter,” that the 
modern instrument is due. The specification 
in question is a remarkable document. It sets 
out the theory of the instrument in the 
following words : 

“ Assuming A^Aj to be points at which, 
in both fields of view, an infinitely distant 


images, or pictixres, of the object may be dis- 
jxlaced in a similar way to the wandering-mark 
in the second type, to bring the stereoscopic 
image of the object into the same plane as that 
of the stereoscojxic image of two fixed marks, 
one in each eyepiece. 

In effect, in the first type, when a range is 
taken, the pair of corresponding scale marks 
is selected which has the same inter-eyepiece 
separation as the two images of the object 
point under observation. In the second type, 
the wandering-mark is adjusted to obtain this 
equalit 3 ’- of separation ; whilst in the third 
tj'pe, one of the pictures is traversed across 
the line of sight until the separation of the 
two images of the object point is made equal 
to the fixed separation of the two range marks. 

The fixed scales required in the first tjqoe of 
range-finder might be produced in the follow- 
ing way : 

Let a number of pegs be driven into the 




object A is depicted, and to 

be the points at xvhioh is depicted 
an object N, situated at a finite 
distance E from the observer ; the 
difference between the linear dis- 
tances Ag, Na and A^, Nj, i.e. the 
parallactic difference between the 
image of the one object, situated 
at an infinite distance, and the 



ground so as to form a straight line 
across an illimitable plane, and, 
further, let each peg be marked 
with its distance from a certain 
place. Now suppose that from 
this place a jiair of stereoscopic 
photographs of these pegs are taken 
with a binocular prismatic telescope, 
from which the oculars have been 


other object, placed at the finite distance E, 
will be 

A2Na-AiNi = 5 = |./, 

/ being the equivalent focal length of the 
telescope-lenses, and A the distance between 
their respective axes. 

“ In the case of two objects N and N', both 
of which are located at finite distances E, E' 
from the observer, the parallactic difference 
in the two images will consequently be 

N,N/-NiN/=Q-i)A./.” 

Finally Grousilliers describes and claims three 
types of the range-finder, namelj'- : (1) the^*ed! 
scale, in which each eyepiece has a fixed scale, 
which bears for each range a range mark 
corresponding to a similar mark on a similar 
scale in the other eyepiece ; (2) the wandering - 
mark, in which a single fixed mark occurs in 
one eyepiece, and a similar mark, but capable 
of micrometrio displacement in the plane of 
the instrument and across the line of sight, 
in the other ; and (3) what may be called the 
wandering-pichire type, in which one of the 


removed, to allow of photographic plates being 
fixed in the two focal planes of the objectives. 
These photographs, after developnient, could 
be returned to the binocular telescope so as 
to occupy the positions that they did during 
the taking of the photograph. In the field 
of a binocular, equipped with scales produced 
in this way, and directed to a distant landscape, 
that landscape would be seen in stereoscopic 
relief in the usual way, and passing through 
it, or over it, would be seen, also in relief, a 
distance scale, to a position along which any 
object might be assigned and its distance thus 
determined. Stereoscopiq scales are not, as a 
matter of fact, usually prepared in this way. 
It is more convenient to calculate and rule 
them. 

Figs. 5 and 6 are taken from Grousilliers’ 
specification. Two broken telescopic systems 
are mounted in tubes Rj and Rg, secured 
collinearly to the ends of a box-Uke casing H. 
End reflectors and Pg deflect the light 
along the axes of these telescopes, whilst 
reflectors p.^ reflect the beams outwards 
parallel to one another, through eyepieces 
and Og, in the focal planes of which stereoscopic 
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scales Sj and s.^ are mounted, the one on the 
right being movable by means of a micrometer 
R, to effect the necessary adjustment and thus 
determine the range. Since the telescopes are 
provided -with ordinary erecting systems the 
reflections hj'^ P^, cancel o}'ie another, with 
the result that tJie images are seen erect. 

Grousilliers’ claim for the fixed-scale 
modification is as follows : 

“An improved telemeter, consisting of a 
double telescope (which term includes tele- 
stereoscopes with an enlarged distance between 
the object-glasses) within the ocular fields of 
which scales are so arranged that, when viewed 
binocularly, thej”^ present the image of a series 
of distance marks extending downwards and 
situated at predetermined distances from the 
observer : the image of such series of marks 
being projected into the image or panorama 
of a landscape, as seen through the double 
telescope, so that the distance of any object 
viewed may be immediately read off the scale 
according to the point between airy two marks 
of such scale to which tlie object can be made 
to correspond with regard to the visual depth.” 

§ (3) Theory oe the Short Home-base 
Range-eihber. — The theory of the range- 
finder is based upon a method — ^well Imorvn 
to schoolboys — ^for finding the distance of an 
inaccessible object. 

Let A, Figs. 7 and 8, be the object, and let a 
rectangle BDEC, with sides of length b and /, 




be so positioned that the object A is seen 
along the lines DB and FO, P being in line 
with 0 and A. With the object A at an 
infinifce distance, it would be sighted along 
the two parallel lines DB and EC. The 
length EP, equal to d, say, is therefore the 
parallactic displacement along the line DE 
of the intersection of the lino of sight CA, 
whilst BAC is the corresponding parallactic 
angle, i.e. the angle subtended at the object 
point A by the base b. 

Now, since the triangles ABO and CEP are 
similar, it follows that R, the range, equal to 


BA, is to 6 as / is to d, that is, the distance 
of the object A is equal to the product bf, 
divided by the parallactic displacement. This 
is the fundamental equation for both coincid- 
ence and stereoscopic range-finders : 



In the case of both these range-finders, b 
represents the optical base length of the 
instruments, / the focal length of each of 
the two telescope objectives, R the range, 
and d the iDarallactic displacement in the 
common focnl plane of the two objectives 
when the range-finder scale is set to infinity. 
The accuracy of the range-finder then depends 
fundamentally upon the accuracy with which 
the parallactic displacement d can be 
measured, and this in the limit depends on 
the eye. 

§ (4) The Acoubaoy op Ranob-pindihg 
AS'CETERMiHED BY THE Eyb. (i.) Coincidence 
Type . — In this ty2)e the accuracy of the 
results depends upon the aligning power of 
the eye, as exemplified, for example, in the 
sotting and reading of a vernier. In the case 
of the range-finder, this aligning takes place 
usually across a sharp horizontal line, which 
divides the field of view into two parts. A 
flagstaff, for instance, that is being ranged 
upon, is seen with its top part, carrying the 
flag, displaced laterally with respect to the 
bottom. In adjusting for coincidence these 
parts are brought into alignment, so that the 
accuracy with which this operation can bo 
done determines the accuracy of the range, 
other things being equal. Tho important 
question then is — given two collincar straight 
linos in tho field of view, through what angle a 
can one bo moved laterally with respect to the 
other before tho fact that they are no longer 
oollinoar is detected by the eye ? For practical 
range-finding purjioses this angle has been 
taken as equal to about 12 seconds of arc in 
free vision, and the same, therefore, in the 
image-space, or final field of view presented 
by a range-finder. There is no doubt, however, 
that under favourable conditions ra any trained 
observers can work down to an angle of the 
order of 6 or 0 seconds of arc. Further, on 
artificial objects such as lines drawn on 
silvered glass jfiatos placed in the focal pianos 
of collimators, higher accuracy even than this 
can be obtained — 2 to 3 seconds of arc. 
Now let 0' {Fig. 8) represent in actual space — 
the object-space — tho angle corresponding to 
a in the image-space, then an object accurately 
ranged upon in tho position A may move up 
through a distance r, subtending the angle O', 
at tho range-finder,^ until tho angular jjarallactio 

^ For tho purpose of simplifying tho diagroms wc 
liave supposed the object to move up along tlie axis 
of one of tho telescopes. 
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displacepaent in the field of view is equal to 
a, before an object at C can be differentiated, 
with respect to its distance, from an object 
at A. The possible error under these circum- 
stances in ranging upon an object at A is 
equal to the distance r, and it may obviously 
occur in either direction. 

(ii.) Stereoscopic Type . — In this case the 
following considerations apply : If two pins 
be stuck into a table close together, and at 
the same distance from an observer, then one 
pin can be moved backwards and forwards in 
the line of sight through a certain distance 
before the observer can see with certainty 
that they are no longer at the same distance 
away ; that is, a certain change in the angle 
of convergence of the optic axes of the eyes 
is necessary in order that two objects can be 
seen to be at different distances. Helmholtz, 
as mentioned above, made a number of 
experiments in this way and came to the con- 
clusion that in free vision a difference between 
the convergence angles of one minute of arc 
was the least difference necessary for differ- 
entiation of distance in the line of sight. Later 
workers have, however, reduced this limit to 
something of the same order as that claimed 
for the coincidence range-finder. We shall 
revert to the question later. 

(iii.) Coincidence and Stereoscopic Types . — 
We will assume, therefore, that the possible 
error angle a represents (i.) in the case of the 
coincidence range finder, the greatest angular 
parallactic displacement in the field of view 
which can occur without loss of coincidence 
being detected; whereas (ii.) in the case of the 
stereoscopic range-finder, it represents the 
maximum difference of the convergence angles 
in the field of view which can occur without 
apparent change of the range of the object 
under observation. 

§ (5) Fundamentau RAsraE-PiNDiNG Equa- 
tions. — In Fig. 8 the range-finder with base 
length b subtends at the object A the angle 0. 
Whilst the range changes by a length r, the 
angle of parallax changes by an angle O'. To 
find the relationship between these changes, 
the angles 6 and 0' being expressed in circular 
measure. Now 


and since in any triangle the sides are pro- 
portional to the sines of the opposite angles, 
and in the triangle ACE the angles 0 and 6' 
are small, we have 

CA_0' 

CE~0'’ 

and since CA=r and CE (very nearly) =R, 


r __0' 
R~"0' 


( 2 ) 


Substituting the value of 0 from (1), 


r 


b • 


. ( 3 ) 


Let Pg be the percentage error for a given range 
R, then 


.p __100r 


and substituting the value of r from (3), 




6 ■ 


( 4 ) 


Let a be the error angle, as set out above, 
for both the coincidence and the stereoscopic 
types of range-finders, and M the magnifying 
power of the telescopic systems employed ; 
then, in the case of the coincidence range-finder 
(see Fig. 8), it is evident that the length AC, in 
the object-space, subtending an angle O', at the 
window of the range-finder, will appear to the 
observer, i.e. in the image-space, under an 
angle MO'-, whilst in the case of the stereo- 
scopic range-finder, the angles of convergence 
in the object-space, which are 6 for the point 
A, and 0 + 0' for the point G, become M0 and 
M(0 -(-!?') respectively, in the image-space, so 
that the change in the convergence angles is 
equal to MO'. Thus for both types, 


0 ' = 


a 

M’ 


Substituting in (3) and (4), we obtain 


and 


R^a 

• 

P __100Ra 
6M 


( 5 ) 

( 6 ) 


Thus, a, b, and M being constants, the per- 
centage error varies directly as the range. 


To express 0' in (3) in seconds of arc, instead of 
in circular measure, 

0^=^^^206000. . . . (7) 

Assuming a value for a of 12 seconds of are, as is 
usually done, equation (6) enables us to formulate 
a very useful rule, namely, that 

“ The percentage error of any range-finder at one 
thousand yards is equal to 6 divided by the bM 
value,” since 

100 X 1000 X -00006 

bM~ 


6 

6M’ ■ 


. ( 8 ) 


b being expressed in yards. 

The corresponding error in range r is obtained 
from 


6x10 
6M ■ ' 


(9) 
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Knowing the range error r 
for 1000 yards, it follows 
from equation (6) that the 
range error for any other 
range Re, expressed in 
thousands of yards, is equal 
to rRj®. Thus the error at 
1000 yards being 5 yards, 
that at 10,000 yards would 
be 500 yards. 

A word of oautiou is, 
perhaps, necessary hero. 
The numeral in equation (8) 
assumes a value of 12 sec. 
for the angle a ; but, in the 
opinion of many experts, 
tins angle is in practice 
considerably greater for the 
stereoscopic than for the 
coinoidenco range - finder, 
and equation (6) shows that 
the percentage error for a 
given range-finder and a 
given range varies directly 
as the angle a. 

I. Details oe Con- 

STRtrOTTON 

§ (6) General Con- 
STRtrOTION OE Co- 
INOIDENOE RaNGE- 
EINBBRS. (i.) Barr <Ss 
Stroud’s Range-finder . — 
Figs. 9 and 10 show in 
sectional elevation and 
plan respectively a 
small Barr & Stroud 
coincidence range-finder 
with a base length of 
50 cm., a magnification 
of 7-| times, and scale for 
ranges from 360 to 1600 
yards. TKe optical 
system, and the princi- 
pal features of the 
mechanical design 
shown, are practically 
identical with those 
adopted in instruments 
of much greater power. 
The instrument consists 
of an outer cylindrical 
tube T, with end fittings 
carrying the windows W 
and Wj, and end caps 
Q, carrying the sup- 
porting plates for the 
prisms P and Pj. The 
inner tube E, of rect- 
angular cross - section, 
carries the objectives 
0 , Oi and the separating 
prism P 3 , which deflects 
the light entering by 



Sectional Plan 

Figs. 9 and 10. 
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the objectives 0 and Oj to a common focal 
plane, in which the coincidence is secured 
by observation through the single eyepiece. 
The deflecting prism K slides backwards and 
forwards in the tube E between the 0.0. 0^ 
and the separating prism Pg, to give a vari- 
able lateral displacement to the corresponding 
imago, and thus effect coincidence under the 
action of a finger button L. The range-scale. 
S is attached to the mount of the prism K, 
and slides hi guides carried by the inner tube. 
The scale is observed through an eyepiece V 
and a system of reflecting prisms as shown. 
U is a condenser by means of which the scale 
is illuminated from the back. 

It is important that any strain of the outer 
tube T should not 
be communicated to' 
the inner tube E. 

To secure this end 
the tube E is fitted 
with rings F and Fx, 
the former of which 
carries, at api:)roxi- 
mately 60° apart, two fixed radial pins G 
and a sjuing pin H, engaging with the 
inner surface of the outer tube. By this 
arrangement the tube is left free to move 
longitudinally whilst secured co-axially with 
the outer tube. The second ring Fj carries 
on its lower aide a cup, which engages with 
a stud I, whilst the upper part of the rim 
carries a longitudinal slot, which engages with 
the stud J. The stud I prevents longitudinal 
displacement of the tube E, whilst the stud J 
prevents any lateral displacement of the axis 
of the tube E, ' 

The adjustment of the range-scale for an 
object at infinity is obtained by rotating in its 
own plane the window W, which is in the form 
of a weak refracting prism with its refracting 
edge horizontal, by means of a finger pinion D. 
The prism P is clamped to a plate A, secured to 
the base-plate B, carried by the end-cap Q, 
by screws Sg and Sg, which permit of a rocking 
motion of the plate A and prism P with respect 
to the plate B, about an axis passing through 
the points So and Sg. The forward part of this 
plate A can be raised and lowered by means of 
a screw Si operated by means of a finger 
pinion C, to raise and lower the image in the 
corresponding partial field of view and thus 
effect the “ halving ” adjustment. This ad- 
justment secures, when coincidence has been 
effected, that the image on one side of the 
separating line is a complete reflected image 
of that on the other, or, in the case of a circular 
object, like the moon, that the image is single 
and circular. 

(ii.) CooTce S Sons' Range-finder. — Mr. 
Dennis Taylor, of Messrs. Cooke & Sons, has 
done a large amount of work in the develop- 
ment of a type of range-finder which differs 


from that already described in several import- 
ant particulars. 

Fig. 11 shows a section of one of the modi- 
fications of this range-finder as originally 
patented in 1904. Two optical squares of the 
pentagonal type are mounted in a tube T', at 
a distance apart which determines the base 
length of the instrument. At one end of this 
tube a telescope of the ordinary terrestrial type 


is shown. The optical squares are mounted on 
different levels, so that the light rays from a 
distant object, passing into the instrument by 
the reflector S', enter the upper half ' of the 
telescope object-glass 0 only, whilst light 
entering by the reflector S® enters the telescope 
by the lower half of the O.G. In this way, in 
the example shown, two pictures are projected 
simultaneously into the focal plane of the eye- 
piece, which overlap to an extent depending 
upon the adjustment of the instrument and 
the distance of the object. The squares being 
angle-true and adjusted parallel to one another, 
the images of an object at infinity would over- 
lap and coincide, whereas under the same condi- 
tions an object at a short distance would give 
two images, the separation being dependent 
upon the range. To bring about coincidence 
of the two images given in general, two weak 
achromatic prisms P' and P^ are employed, the 
first P' being fixed in position to give minimum 
deviation to the rays passing through it from 
the square ; whilst the second prism P^ is 
adapted to rotate as shown about an axis 
parallel to its refracting edge by means of a 
sector L and worm W. The light reflected by 
the square S' passes through the prism P', and 
the light reflected by the square S® passes 
through the prism P®. In use, therefore, the 
worm W, which carries co-axially the range 
drum D, is rotated to swing the prism P® 
through the angle necessary to secure co- 
incidence of the two images in the field of 
view. Thus the range is determined and 
indicated on the drum D directly. 

As an indication of the sensitiveness of this 
swinging prism micrometer, it may be stated 
that a prism producing a minimum deviation 
of 2° has to be swung through an angle of 



RANGE-FINDER, SHORT-BASE 


641 


I 


I 

I 


about 30°, to increase the deviation by 15 
minutes of arc. One important advantage 
claimed for the swinging prism over the sliding 
prism is that it gives a much more open scale 
for long ranges. It must, however, be mounted 
in a parallel beam : in a vergent beam it spoils 
the definition. 

In a later ]nodification of the Cooke 9 ft. 
naval range-finder, patented in 1920, several 
features of novelty are introduced. The end 
optical squares reflect in opposite directions, on 
to superposed 
cross mirrors 
mounted near 
the middle of 

the range-finder, from which mirrors 
the light beams pass, parallel to 
their original direction, to a single 
mirror, mounted to direct both beams 
into a single telescope, which is in- 
clined at an angle of 45° to the axis 
of the range-finder, but broken by 
an erecting prism system, which 
finally directs the light to the eye- 
piece in such a direction that the 
observer looks in the direction of 
the object being ranged upon. 

Two simultaneously operated 
swinging coincidence prisms are 
employed, one behind eacli of the optical 
squares. To prevent the intrusion of light 
from one partial field of view to the other, 
an ingenious “ halving grid ” is employed. 
This consists of a number of stretched 
threads or cords mounted side by side in 


it is reflected back again to the teloscojie. 
Should the axis of the square not bo normal, 
the image of the fiducial mark is seen displaced 
with respect to the fiducial mark itself. The 
necessary adjustment having been made, paral- 
lelism of the axes is effected simultaneously 
with any necessary adjustment for halving. 

Several advantages are claimed for this 
modification, as compared with the 1904 
range-finder; 

(1) Coincidence of the images can be ob- 
tained for 
all ranges 
across the 
field o f 

view. (2) The light paths for the 
two ends are shorter and more equal 
in length. (3) Adjustments for 
parallelism of the axes of the two 
optical squares in tlie way referred 
to above. (4) Greater light-gather- 
ing power — GO per cent greater than 
the older range-finder. (5) Accuracy 
of range readings independent of 
bending or buckling of the tubes in 
a horizontal plane. 

(iii.) Covtinental Patterns. — The 
coincidence range-finders as made on 
the Continent, by Zeiss and others, 
do not vary substantially in general design 
from those made in England. A variable- 
power deflecting prism, mounted in a parallel 
beam of light, is, however, usually substituted 
for the travelling prism of the English range- 
finder, although the latter too is employed. 



mo. 12. 



I’m. 13. 


a plane containing the axis of the tele- 
scope, each thread being at right angles to 
that axis. This grid practically extends from 
the object-glass to the eyepiece, thus dividing 
the telescope into upper and lower halves. To 
obviate the serious and unsuspected errors 
which may arise from the fact that the axes 
(virtual meetmg edges) of the end squares are 
not parallel to one another, and normal to the 
plane of triangulation, an auto-collimating 
telescope is mounted within reach of the 
observer, by means of which a beam of light 
from a fiducial mark in the eyepiece can be 
directed to one of the optical squares, by which 

VOL. TV 


(iv. ) Modern Barr cfe Stroud Pattern . — 
Fig, 12 shows tlie .Barr & Stroud 0 ft. base 
naval range-finder with which the British Fleet 
was equipped at the battle of Jutland. The 
range-finder itself, fitted’ with bearing rings, is 
adapted to rotate about its own axis in bearings 
carried by the upper ends of the “ Y,” which 
is free to rotate about a vertical axis under 
the action of a hand-wheel. Adjustment in 
altitude is effected by means of a radial handle 
seen on the loft of the support. 

Finally, Fig. 13 represents a monster co- 
incidence range-finder of 100 ft. base which has 
been constructed by Messrs. Barr & Stroud 

2 T 
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for purposes of coast defence. Optically the 
instrument is practically identical with that of 
smaller base length. For the purpose of com- 
parison the man in the centre of the figure is 
sho-svn using the smallest range-finder with a 
base length of 30 in. 

§ (7) Stereosoopio Range-finders, Gen- 
eral CoNSTRUGTiON OF. — Figs. 14 and 1.'5 
show diagrammatically, in plan and elevation 
respectively, the optical system of a typical 
stereoscopic range-finder, invented by Carl 
Zeiss in 1 907. The end squares a' direct light 
through telescope object-glasses b to right- 
angled roof prisms c\ which deflect the light 
into the focal plane of the object-glasses, in 
which two fixed stereoscopic marks p occur. 
Those marks are in the focal plane of eyepieces, 
each of which consists of a pair of lenses d and 
e, between which a rhomboidal prism / occurs. 
A ray passing outwards through the eyepiece. 


loft ocular. The image thus produced shoulc 
supei'iiose on the real mark. It will be noticec 
that, in this adjusting arrangement, eacl: 
objective acts as a collimator for its corre- 
sponding stereoscopic mark. In operation, 
therefore, the light from one of the marks is 
collimated by its corresponding object-glass, 
from whicli it passes as a parallel beam to the 
second object-glass to be brought to a focus in 
the focal plane of the other mark. These 
adjusting arrangements will be found dealt 
with more fully below. 

(i.) Forbes Range-finder . — One of the pioneers 
of the stereoscopic range-finder in this coimtry 
was Professor George Forbes. In 1901 he 
patented a range-finder constructed of two 
separate parts, namely, a portable base having 
a set of reflectors rigidly fixed to it at each 
end, and a binocular field-glass. In the ap- 
proved form of the instrument the wander- 



Figs. 14 and 16. 


therefore, suffers reflections as shoivn by the 
surfaces of this rhomboidal prism, with the 
result that a lateral displacement of the ray 
occurs. By simultaneous rotation in opposite 
directions, therefore, of the eyepieces about 
the axes of the lenses d, the separation of the 
two eye lenses e can be adjusted to suit 
individual observers. It will be noted that 
this adjustment is secured without any altera- 
tion of the distance between the two stereo- 
scopic marks p. 

In this instrument, which is of the wander- 
ing-mark typo, the necessary lateral displace- 
ment of the picture produced by the right 
telescope is effected by the axial displacement 
of a prism g'. To detect readily any defect in 
the infinity adjustment, a subsidiary optical 
system is employed to project an image of 
each of the marks d into the plane of the other 
one. Light, say from the mark p on the right, 
is reflected by the prism o' to the object-glass b, 
thence by reflection by a prism V, on the right, 
to a similar prism V, on the left, and finally 
through the object-glass 6, on the left, to the 
prism c', and thence to the mark d in the 


ing-mark was adopted, namely, a fixed line in 
one eyepiece combining storooscopically ivith 
a similar lino in the other eyepiece traversed 
laterally by moans of a micrometer. The 
marks emi)loyed were “ pictures of ordinary 
objects such as a balloon as shown, the ends 
of the trailing ropes marking the centres of 
the field.” An imiiortant advantage was ob- 
tained by the use of this balloon mark. The 
observer naturally brought it over the object 
being ranged upon, and thus in many cases 
avoided the psychological difficulty, which so 
often occurs in stereoscopic range-finding, of 
being compelled to see the scale, as if behind 
an object, such as a brick wall, known to be 
opaque. 

In a secopd specification, taken out in 1903, 
fixed marks are employed in the focal planes 
of the eyepieces, and one of the pictures is 
displaced laterally with respect to the other 
one, by means of a rotating prism, to bring 
up the stereoscopic picture into the same plane 
as that of the image of the two fixed marks. 
This type, however, as we have seen, was 
described by Grousilliers. 
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(ii.) Zeiss ^Submarine Range-finder . — The 
3-metre base stereoscox^ic range-finder made by 
Carl Zeiss for use in submarines ptobably 
represents the highest development of this 
type of instrument. The range-finder per se 
is contained in a liorizontal tube, which forms 
the horizontal branch of a “ T,” the vertical 
branch of which represents a periscope passing 
into the interior of the boat through the 
deck. The two pictures of external objects 
are projected upon stereoscopic graticules, 
mounted close together and parallel to one 
another, transverse to the axis of the range- 
finder, and near its middle. The images in 
the planes of those graticules, and the range 
marks, are projected by means of a bino- 
cular periscopio system into the focal planes 
of a x^air of oculars at the lower end of 
the vertical tube. The ox^tioal system em- 
ployed for the range-finder is comparatively 
simple in character. Light enters by the win- 
dows and is reflected along the tube in opposite 
directions by the usual optical sq^uaros, each 
beam being brouglit to a focus in the piano 
of its corresponding graticule by a long focus 
lens of the telescope object-glass type. Those 
graticules are fixed after being adjusted, and 
the final stereoscoxnc picture itself is caused 
to “ wander,” i.e. move backwards and for- 
wards in tlie line of sight, for ranging. In one 
half of tlie tube a weak refracting prism is 
mounted to slide backwards and forwards, 
along the axis of the tube, between the object- 
glass and the graticule, for the x^urp^so of dis- 
placing laterally the image seen in the corre- 
sponding ocular, for the purpose of bringing 
about that adjustment, or wandering of the 
stereoscopic image in the line of sight, necessary 
to bring it up to the fiducial mark— the crossing 
point of the two linear stereoscopic scales. In 
the other half of the range-finder, a plane- 
parallel plate is mounted between the object- 
glass and the graticule, as so to tilt about a 
horizoirlAl and transverse axis, for the purpose 
of raising and lowermg the x^^c^uro in the 
corresponding ocular, to bring it to the same 
vertical height as the picture with which it 
has to be stereoscoxiically fused. 

Direct observation of the graticules being 
impossible, the range-finder is combined with 
a binocular periscopio system, with the aid of 
which the graticules can be observed from a 
position inside the submarine. For this pur- 
pose a pair of optical squares are mounted 
between the two graticules to face in opposite 
directions and deflect the beams of light passing 
through the graticules at right angles to the 
range-finder, and in a horizontal plane, each 
beam being again reflected vertically down- 
wards, through a collimating lens, and 
into a telescope by which, finally, an image 
of the corresponding graticule is presented 
to the observer. This periscopio system is 


duplicated for the second lialf of the range- 
finder. 

§ (8) Height-finders. — In the early days 
of the war the need for a height-finder as an 
auxiliarj' to anti-aircraft guns was recognised. 
Many tentative solutions of the problem were 
proposed from time to time, but the final 
solution, resulting in the provision of an 
efficient short-base service instrument, was due 
to Messrs. Barr & Stroud in 1917. 

In ranging on an aeroplane, a horizontal 
range-finder is rotated about its axis to elevate 
the line of sight and bring the aeroplane into 
the field of view. Coincidence is then eifected 
and the range determined. It will bo observed 
that in this operation we have got the two 
necessary elements for solving the right-angle 
triangle defined by the observer, the target 
(aeroplane), and a x^oint on the ground im- 
mediately below the target. The range gives 
the hypothonuso of this triangle, and the angle 
of elevation, or sight, one of the acute angles. 
With these two elements, it is a simple slide- 
rule problem to determine either the height 
of the aeroplane above the ground, or its 
horizontal range, that is, the distance from the 
observer to the bottom of the perpendicular 
drox^ped from the aeroplane. This was the 
principle uxion which some of the first height- 
finders were constructed. One of the scales 
of the range-finder was operated more or 
less automatically by the motion in altitude 
of tho range-finder, to sot off the logarithm of 
the sine of the angle of sight, and then, by 
a hand-setting of tho range, tho equation, 
log H=log R-hlog sine angle, was solved and 
tho height H determined. All these arrange- 
ments, however, gave 'the range primarily, so 
that so long as the range of tho target was 
altering constant adjustment of tho working 
head was necessary. What was wanted was an 
instrument tho constant-coiircidenco surface of 
which was not a hemisphere, as in the range- 
finder, but a horizontal plane — a height-finder. 

(i.) Barr cfe Stroud. — In Barr & Stroud’s 
specifications tho invention described gives 
both range and height automatically. It con- 
sists of a known range-finder of the coincidence 
type so modified as to function also as a 
height-finder. This in effect is carried out by 
fitting the range-finder with an automatically 
operated slide rule. The two sliding iiarts are 
constrained to move, one proportionately to 
the logarithm of the range, and tho other 
proportionately to tho logarithm of the sine 
of the angle of sight. The height can thus be 
read off directly. The motion of the adjusting 
head of the range-finder and the elevation of 
the range-finder are transmitted to the sliding 
scales through tho medium of logarithmic 
toothed gearing. 

The working head, is transferred from the 
range-finder to tho height-indicating attach- 
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ment, so that the instrument acts primarily 
as a height-finder. No manipulation of the 
working head, therefore, is necessary, so long 
as the target under observation retains its 
height. 

Fig. 16 shows tho range-finder, with a base 
length of two metres, mounted on a tripod 



J?IG. 16 . 

stand, upon which it is rotated about a 
vertical axis by the operation of a two- 
speed hand-wheel A. The operation of a 
second hand - wheel B rotates the range- 
finder about its own axis to elevate the 
line of sight. Coincidence 
is maintained by the work- 
ing head C, whilst B is a 
finder. 

Throe observers are re- 
quired : the first looks into 
tile eyepiece E and opcrato.s, 
a,s required for the main- 
tenance of coincidence, tho 
working head C, and the 
hand-wheel B to direct the 
lino of sight in altitude. 

The second observer uses 
the finder B and is respon- 
sible for the training of the 
range-finder by means of the hand-wheel A. 
Tho third observer reads off the height- and 
range-scales. 

The instrument is essentially a range-finder 
with a gearing attachment, as shoum by Fig. 
17, which automatically, as the target is kept 
in the field of view and coincidence maintained, 
indicates the height and range. Tho end of 
the shaft of the working head a carries a 
pinion e, ivhich gears with a bevel-wheel /, 


carrying the height-scale, and also — on a radia 
shaft — the jockey wheel d, which gears witl 
the upper and lower members of a differentia 
pair of spur wheels g and h. The uppe: 
member g of this pair is driven directly fron 
the elevating head 6, through logarithmic spira 
gear which gives to g an angular displacemen 
proportional to tin 
logarithm of the sine o: 
the angle of sight. Th( 
lower member A of tht 
differential pair carries 
the range-scale, anc 
is geared up to the 
deflecting range-prisn 
through a clutch, not shown, so as 
to have an angular displacemeni 
proportional to the logarithm of th( 
range. 

It will be seen, then, that sc 
long as tho elevation of the range- 
finder is not changed the uppei 
wheel g remains fixed in a position 
with an angular displacement pro- 
portional to the logarithm of the 
sine of tho angle of elevation. The 
operation of tho working head, tc 
secure coincidence, under these con- 
ditions drives simultaneously and 
proxiortionatoly the wheels / and A, 
and thus also the height- and range- 
scales. These conditions are realised 
by ranging on a target flying away 
from the observer along a straight line. With 
tho working head fixed, tho elevation of the 
instrument opoi-atos the upper wheel g, and 
also, through the jockey wheel d, tho lower 
wheel A, and thus the deflecting jirism and 



Fig, 17. 

tho range-scale. Since, however, tho wheel / 
remains fixed, the height-scale is unaffected. 
This represents the conditions of use when 
the target ranged upon is moving about in a 
horizontal plane. 

(ii.) Rottenburg and Willan . — An ingenious 
optical solution of the height-finder problem 
was patented by Rottenburg and Willan in 
1916. By this invention a second prism is 
combined with the deflecting prism, and the 
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two prisms rotated equally and oppositely, 
aliout the axis of the instrument, by the 
adjustment of the instrument in altitude neces- 
sary to keep a target in the field of view. 
The result of this ai-rangement is that whereas, 
in the ordinary Barr & Stroud range-finder, 
a simple deflecting prism of constant power is 
employed, in Rottenburg and Willan’s inven- 
tion a variable-ijower coincidence pri^n is 
employed, the power of which is such a function 
of the elevation, or angle of sight, that the 
instrument is adapted to operate as a height- 
finder ; no operation of the working head 
being necessary so long as the target remains 
at the same height. 

II. Optical Elements oe the 
Range-einder 

§ (9) End Reelectors : Optical Squares. 
—In the early days of the range - finder, 
plane-reflectors, or right-angle total-reflecting 
prisms, were emj)loyed as end reflectors, 
but these forms were oj)en to the serious 
objection that any bending of the frame 
of the range-finder in a horizontal plane, 
due to unequal heating, for instance, caused 
these end reflectors to turn m effect about a 
vertical axis and thus alter the angle thi’ough 
which the rays were deflected ; and it was not 
until these reflectors were replaced by optical 
squares that the difficulty was overcome. 

When a ray of light is reflected in succession 
by a pair of i)lane reflecting surfaces, as in the 
case of the sextant, the angle through which 
the ray is deviated is equal to twice the angle 
included between the reflectors, so long as the 
reflections take place in a plane at right angles 
to the meeting edge of the reflectors. If then 
these reflectors are inclined at an angle of -16° 
to one another, the deviation x)roduced by 
successive reflections is equal to a right angle, 
and we have an optical square ; that is, an 
optical 'device which gives us an angle of 
deviation which is independent of the angle 
at which the entering ray strikes the first 
reflecting surface. The end reflectors of small 
range - finders are now, almost invariably, 
optical squares made from a single pentagonal- 
shaped block of glass. In use, any given ray 
passes through the entrance face practically 
normally, and after internal reflections at the 
two bounding surfaces meeting at an angle of 
45°, x)asses through the exit face, again practi- 
cally normally, with a deviation of a right 
angle which is independent of any small 
rotational displacement of the prism in its 
own iilane. The conditions of accuracy for 
such a square are (1) homogeneous glass ; (2) 
reflecting surfaces inclined at an angle of 45° ; 
and (3) plane entrance and exit faces, meeting 
under an angle of 90° in an edge parallel to the 
meeting edge of the two reflecting surfaces. 


Such squares in large sizes become im])racti- 
cable, mainly on account of the hiss of light 
incurred by absorption, so that considerable 
attention has been devoted of late years to the 
designing of optical squares comprising two 
plane reflectors, the included angle of which 
shall be maintained with great accuracy, in 
spite of bending stresses and temperature 
changes. Mr. Dennis Taylor has x^R’d x^ar- 
ticular attention to this subject, as will be seen 
by reference to his various patents. 

§ (10) Deelecting Systems eor Coincid- 
ence Range-finders. — The following optical 
micrometrical devices for effecting coincidence 
have been used, but the first three are mnv 
those commonly emxjloyed : 

(a) A longitudinally travelling prism in a 
convergent beam, i.e. between the telescope 
O.G. and the separating x^'ism (Barr & Stroud 
and others). 

(b) A tilting R parallel beam 

(Taylor). 

(c) Opx)ositely rotating prisms in a x^arallel 
beam, acting as a variable-power x^rism (Zeiss). 

(d) Rotary end reflectors. 

(e) Laterally disiilaced object-glasses. 

(/) A tilting x>lRDe-xmrallel xilate of glass in 
a convergent beam. 

(g) Differently magnified images brought 
into coincidence by the rotation of the range- 
finder about a vertical axis (Ex)xyenstein). 

The first of these systems has the groat 
merit of simplicity, and less liability, therefore, 
to derangement. The itself, as has 

already been x'ointed out, carries an ivory 
scale some seven or eight inches in length, 
graduated in ranges which are road off ojqiosite 
a special eyox)ieeo xu’ovidod for the xmiqinse. 
In the second system the advantage of a more 
open scale at long ranges is secured. In the 
third system two weak prisms are mounted, 
face to face, between the end squares and the 
O.G.’s, so as to rotate equally and ox)X)Ositely. 
In this way a variable deflecting x’ris™ is 
obtained which produces deflections in a 
horizontal xslane only. This system is oxien to 
the defect that the maximum deflecting x^owbr 
of the combination is obtained by a rotation 
through 180 degrees only, of the x’risms. This 
difficulty has been, to some extent, overcome 
in the Zeiss range-finder by the introduction of 
a multiplying system of gear wheels, which 
gives to a circular range-scale an angular dis- 
Xflacoment practically twice that of the deflect- 
ing x^risms. 

In the ordinary coincidence range-finder it is 
important that the two images brought into 
coincidence should be magnified equally, 
otherwise different range-readings will be 
obtained according as the coincidence hapxiens 
to be made near the middle or towards the 
ends of the separating line in the field of view. 

In a new type of range-finder, introduced 
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within the last few years by the firm of Zeiss, 
and invented by Epjienstein, the two images 
are differently magnified ; so that as the 
range-finder is rotated about a vertical axis, 
the more magnified image moves more rajsidly 
across the field of view tlian the less magnified 
image does — starting behind it, it may be, 
catching it up, and tlien passing it. From this 
it follows that for every range between infinity 
and the minimum range required, there is one 
place, and one 
place onty, along 
tire separating 
line, in tlie field 
of view, at which 
coincidence of 
the two images 
can occur. A 
range-scale is 
therefore drawn 
along the separ- 
ating line, ex- 
tending from 
infinity on the 
left to the mini- 
mum range required on the right. In ranging 
on an object, therefore, no adjustment is 
required beyond tlrat of rotating the range- 
finder about the vertical axis until the two 
images of the object being ranged upon arc 
seen to be in coincidence.^ 

§ (11) Astigmattsers. — When the object 
being ranged upon is ill-defined and illuminated 
in patches, or a point such as a searchlight, 



Fig. 18 . 


telescopes and its focal plane ; its function 
being to deflect the imaging cones of rays, 
which it receives from the ends of the range- 
finder, at right angles into the common focal 
plane of the eyepiece and the two objectives, 
with fine and sharp boundary lines between 
the partial fields, and at the same time giving 
to the images in these fields the desired 
orientation. An ideal separating prism would 
give a field of view with an invisible dividing 
line when directed 
to a clear sky. 
In early forms of 
range-finders the 
separating prism 
consisted simply 
of two rectangu- 
lar prisms super- 
posed as shown 
by Fig. 18, the 
light from the 
left window pro- 
ducing an image 
in the upper part 
of the field, and 
the light from the right window producing 
similarly the image in the lower part of 
the field. Another simple arrangement is 
shown by Fig. 19. The two prisma are 

placed edge to edge as shown, with the 

result that the field is divided by a vertical 
line instead of a horizontal one. In both 
these cases, however carefully the prisms may 
be made, the dividing line is shown to be very 


Fig. 19. 



FIG. 20. 


FIG. 21. 


astigmatising systems are interposed in the ray 
paths on both sides of the instrument. This 
system may consist of a pair of negative 
cylindrical lenses, with axes horizontal, which 
can be thrown at will into the ray paths. The 
action of these lenses is to draw out the image 
in the eyepiece into vertical streaks across the 
separating line, when coincidence can be 
effected in the usual way. 

§ (12) Separating Prisms. — The separating 
prism combination is perhaps the most import- 
ant optical element in the range-finder It is 
situated between the object-glass of each of the 

^ For information on the eallbratlon of the ranRc- 
scales for Instruments of different types see below, 
§ (16), etc. 


rough and badly illuminated when viewed, as 
it is, in the range-finder, with an eyepiece 
magnifying from 10 to 12 times. 

In the separating prism system employed in 
some forms of the Zeiss range-finder (see Figs. 
20, 21, and 22), two prisms are cemented to- 
gether with the surface of contact silvered, 
except for a small rectangular opening shown in 
plan view {Fig. 20). This rectangular opening in 
the silvering occurs in the common focal plane 
of the eyepiece and the telescope object- 
glasses. Light from the right eye of the 
range-finder is totally reflected from two faces 
of one of the component prisms, as shown by 
Fig. 21, and then from the silvered inter-face 
into the eye of the observer. Any light, how- 
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ever, wliicli falls upon the unsilvcred rect- 
angular opening passes through it and away. 
Light from the left eye of the range-finder, after 
being reflected from the roof faces of the second 
component prism (sec Fig. 21), passes vertically 
upward until it reaches the inner face, at 
which part is stopped by the silvering and part 
passes through the rectangular opening to the 
eye of the observer. The picture in the field 
of view, therefore, is for the most part produced 
by light from the right eye of the range-finder, 
but the narrow rectangular opening seen in the 
middle of this field of view frames a picture 
due to light from the left eye only of the range- 
finder. A small subsidiary prism cemented 
into the angle on the right, between the two 
main component prisms already referi-ed to, 
serves to reflect the range-scale reading into 
the field of view. It will be seen that since 
the small rectangular opening in which one 
of the partial pictures appears is formed on a 
prism face, which is not at light angles to the 
optical axis of the eyepiece, it cannot bo 



focussed up simultaneously throughout its 
entire length. This is a defect. 

Fig. 23 shows, in side elevation and plan 
respectively, one of the various forms of eye- 
piece prism systems used by Messrs. Barr & 
Stroud in their range-finders. The top prism 
receives the light from the left eye of the 
range-finder, and the bottom prism acta 
similarly for the right eye of the range-finder. 
The ray L, shown as a full line, enters the top 
prism and is reflected at 1, at right angles in a 
forward direction — that is, away from the 
observer — and in the horizontal plane. It is 
again reflected at right angles into a downward 
direction at 2, ultimately being reflected at 3 
to the separating prism A ; the horizontal 
dihedral edge of which, formed by the meeting 
of the two prism faces at an obtuse angle, is in 
the common focal plane of the eyepiece and of 
the telescope objective, and forms the fine 
separating line in the field of view. All rays 
from the left eye of the range-finder fall upon 
the two faces of the separating prism, but it is 
only those falling upon the lower face which are 
refracted through the opening in the diaphragm 
to the eye of the observer. Those rays which 
fall upon the upper face are refracted as shown 
by the long-and-short dotted line so as to be 
stopped by the diaphragm. Rays reaching the 
separating prisms from the right eye of the 


range-finder are dealt with in a similar Avay, 
but, in this case, the rays falling upon the uijpcr 
face of the prism are the only ones which 
ultimately reach the eye of the observer — 
those falling upon the lower face are refracted 
so as to be stopped by the diaphragm. In 
this way the separating prism acts to divide 
the field of view into two parts, the upper one 
of which receives light from the right eye only, 
whilst the lower part of the field receives light 
from the left eye only, the two partial fields 
! of view being separated by a fine sharp line, 
j A compound cylindricah lens B can be throAvn 



into the ray paths at will to astigmatise the 
final observed imago. 

§ (13) Stisreosoouio Gratioxiles. — In the 
Zeiss instruments, each graticule of the pair 
used in instruments of the fixed-scale type has 
a number of range-marks, which are numbered 
at intervals and arranged along a zigzag line. 
When these scales are combined visually, a 
single stereoscopic range-scale is seen, which, 
starting in the foreground of the picture, 
extends away from the observer indefinitely. 

For the wandering-mark type a pair of 
similar marks, one in each graticule, is em- 
ployed. In later instruments, however, especi- 
ally those of the wandering-picture type, each 
of the graticules bears a number of range- 
marks (arrow - heads pointing downwards) 
arranged in two straight lines, approximately 
horizontal, but crossing one another at the 
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middle, at an angle of about 10°. These 
scales, when visually combined, present to the 
eye two overhead linear range-scales, each 
starting near at hand and receding into the 
distance ; but whilst one is seen bearing away 
to the right, the other appears to bear away to 
the left, so that at a mean distance they appear 
to cross, the crossing point having a common 
range-mark. In observing with this type of 
range-finder, the doflectiug prism is adju.sted 
until the object being observed is seen to be 
at the same distance away as tlie range-mark 
common to the two scales at tlieir crossing 
point. This design of graticule was invented 
by Zeiss about 1908. Greater accuracy when 
ranging on isolated objects is claimed for it 
over that obtained by the use of two single 
marks only. 

§ (14) Range-scalj!) Adjusting ArrARATus 
FOR Range-finders. — Tn an instrument like 
the range - finder, which, under the severe 
conditions of use, is called upon to work at 
such a high order of accuracy, it will be 
readily understood that the maintenance of 
the various parts of the instrument in correct 
adjustment is a very severe problem for the 
designer and manufacturer. So far as the 
range-scale is concerned, the instrument can 
always bo tested and adjusted when very 
distant or celestial objects are available. It 
is then only necessary to direct the instrument 
to a distant object — the moon, say — and 
operate the working head to effect coincidence 
of the two images. The range-scale should 
then read “ infinity.” If it does not do so, 
then the range-scale is set to indicate 
“ infinity ” and the adjusting prism forming 
one of the windows, above referred to, is 
rotated until coincidence is effected. 

(i.) Lath Adjmter . — In the simplest form of 
apparatus for effecting this infinity adjust- 
ment, apart from ranging on real and distant 
objects, two vertical lines are drawn upon a 
lath or board at a distance apart equal to the 
base length of the range-finder with which it 
is to be used. When this board is fixed up at 
a distance of some hundreds of yards from 
the range-finder, and parallel to it, then one 
line is projected into one partial field of the 
eyepiece and the other line is similarly pro- 
jected into the other. If the range-finder be 
in correct adjustment the range indicated will 
be “ infinity ” when coincidence has been 
effected. Quite early, however, in the history 
of the range-finder, it was felt that this method 
was too crude and cumbersome. 

(ii.) Abbe’s Method . — In the year 1893 
Professor Abbe devised apparatus for correct- 
ing and adjusting telemeters or range-finders, 
which was based upon optical means which 
have practically been common to all the later 
and more developed apparatus for securing 
the same end. 


Abbe’s apiparatus was particularly appli 
cable, to range-finders of the type (stereo 
scopic) in which two independent telescopes art 
employed. In Figs. 24 and 24a, for example 
the invention is shmvn diagrammatieally as 
applied to a stereoscopic range-finder of the 
wandering-mark type, that is, the range is 
determined by the adjustment of the micro- 
meter M, which is necessary to give to the 
observer the impression that the wandering 
stereoscopic mark seen in the field of view is 
at the same distance as the object being 
ranged upon. The adjusting apparatus con- 
sists of a pair of pentagonal prisms P' and P^, 
mounted in front of the two telescope object- 
glasses as shown. The left eye of the observei 



is then taken away from the telescope A', and 
a mirror S is positioned to illuminate the fixed 
stereoscopic scale mark a'. Light from this 
mark, therefore, issues from the object-glass 
as a collimated beam and enters the prism P', 
by which it is reflected at right angles to the 
prism P®, and then, similarly into the second 
telescope A^, by which it is brought to a focus 
in the same plane as the wandering -mark a^. 
If the range-finder is in correct adjustment, 
and the prisms P' and P^ reflect the beam of- 
collimated rays accurately through 180°, then 
it follows that the image of a' will be projected 
on to the wandering-mark a^, when the 
micrometer M is set to infinity. Should this 
not be the case, the instrument is adjusted 
until it is so. The great advantage of this 
arrangement is that each of the pentagonal 
prisms acts as an optical square, that is, the 
deviation produced by it is practically constant 
and, further, independent of any small rotation 
of the prism about an axis normal to the plane 
of the diagram. When the base length of the 
range-finder is small, the pair of optical squares 
may be made from a single piece of glass. 
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The prisms P' and P" may together 
j^roduce a deviation of the collimated rays 
something less than 180°. Let this angular 
defect from 180° = 0, then the rays will enter 
the telescope A“, as they would from a real 
object on the axis of the telescope A', and at 
a distance equal to that at Avhich the base of 
the instrument subtends the angle d. If this 


Fig. 25. 

angle Q and its corresponding range are known, 
then the testing operation consists as before 
in projecting the mark a' on to the mark a*, 
but the micrometer M should, when this 
adjustment has been made, indicate the 
corresponding range. 

In a later modification of Abbe’s apparatus, 
invented by Konig in 1904-1908, the necessity 
for using one of the telescopes of the instru- 
ment as a collimator is avoided by fitting a 
collimator independently. 

(iii.) Bnrr ch Stroud's Method . — An im- 
portant instrument for adjusting range-finders 
was brought out 
by Messrs. .Barr 
& Stroud in 1906. 

The optical 
principle upon 
which this instru- 
ment was con- 
structed is shown 
by Fig. 25. Fidu- 
cial marks G' 
and are borne 
by lenses lA and 
L' respectively, 
of equal focal 
length and separ- 
ated by a dis- 
tance equal to 
that focal length. 

Each lens as shown, therefore, acts as a ool- 
hmator to the fiducial mark on the other lens, 
with the result that the emergent beams are 
oollinear, a property which is independent 
of any small lateral displacement of either of 
the lenses L' and L^, provided that the 
marks G' and G* are mounted at the princi- 
pal points of the two lenses. These collinear 
beams enter prisma P“ and P' respectively, 
from which they are reflected parallel to one 
another, and are therefore in a condition to 
enter the range-finder and give images of the 


lines O' and G®, equivalent to the images of 
a single object at infinity. 

Fig. 26 shows in plan the application of this 
instrument to a range-finder, and in addition 
an adjusting prism J, which is adapted to 
rotate about an axis coincident with that of 
the two lenses G' and G®. By the rotation 
of this prism, therefore, the two issuing beams 
of light can be 
made cither paral- 
lel to one another, 
or to diverge at the 
angle correspond- 
ing to that be- 
tween beams of 
light entering the 
range-finder from 
an object at a 
known distance. 
The adjusting aj)- 
paratus may, as shown, bo made separate from 
the range-finder, or it may be attached to the 
frameivork of the range-finder itself. 

§ (15) Halving Adjustment, — In general 
the picture seen in one of the ficlds-of-view 
of a range-finder is duplicated and inverted in 
the second field, but it may happen that corre- 
sponding image points do not occur at equal 
distances from the separating line, so that 
when the infinity adjustment has been made, 
the image in the upper field is not a simple 
reflection of that in the lower field, with tho 
line of separation as a lino of symmetry. 


The instrument is then said to be out of 
halving adjustment. This want of adjust- 
ment, so long as straight edges at right 
angles to the separating line are being ranged 
upon, is not of great importance, but when 
a line inclined to the separating line is used 
for ranging purposes a very serious error is 
introduced by this want of adjustment. To 
effect the necessary adjustment it is clear that 
one picture must bo displaced in the fiold-of- 
view vertically with respect to tho other one. 
This may be carried out in tho range-finder 
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by (1) tilting one of the pentagonal reflectors 
about a horizontal axis inclined at an angle 
of 45 degrees to the axis of the tube and 
parallel to the x>ath of the normally incident 
ray as it passes from one reflecting surface to 
the other ; (2) by displacing one of the tele- 
scope object-glasses in a vertical direction; 
(3) by the rotation in its own plane of a weak 
prism originally mounted mth its edge vertical ; 
or (4) by tilting a thick plane-parallel plate 
in a convergent beam of light. 

The halving adjustment having been made, 
the correction of the infinity adjustment is made 
by shifting the upper field in a direction parallel 
to the dividing line as already described. 

III. Calibration of Range-scales 

§ (16) Coincidence Range-finders, (i.) 
Sliding - 'prism Type . — The relations which 
must exist in a coincidence range-finder 


deviating power 5 must he moved through '• 
distance L, along the axis of the beam of ligh.1 
such that d = Lo ; so that substituting thi 
value of d, in equation (A) above, we obtain 



(B 


To apply this formula, suppose it is requirec 
to find the length L, when the base length o: 
the range-finder is 1 metre (39-37 inches), th< 
focal length / is 11 inches, the minimum rang* 
required is 250 yards, and the deviating powe: 
of the prism is one unit in a distance of 17( 
units (equivalent to 20 minutes of arc). Thei 
reducing the linear dimensions to inches ir 
equation (B) we find that 


L = 


11 X 1 X 39-37 X 170 
250 X 36 


= 8-18 in. 


(ii.) Rotating -prism Type . — In range-finders, 
such as the Zeiss, in which coincidence h 



Fig. 27. 


Fig. 28. 


between the length of its base b, the focal 
length / of its objectives, the deviating power 
5 in circular measure of its sliding deflecting 
prism, and the length L of its range-scale 
between the infinity marie and the mark for 
the minimum range R,„ required, can be 
obtained as foUows : 

Imagine a range-finder adjusted on an object 
at infinity, and that the object then moves 
up along the straight line joining it -with the 
left eye of the range-finder till its distance 
from the range-finder is equal to the minimum 
range R,„ which it is desired to indicate on 
the range-scale. As the object thus moves, 
the parallax angle changes from 0 at infinity 
to 6/R„, at the minimum range, and the 
image projected by the right half of the range- 
finder into the focal plane of the eyepiece 
moves out of coincidence through a ^stance 
d such that 


The image projected by the left half of the 
range-finder under the conditions named would 
remain stationary. To re-establish coincidence 
of the images the sliding prism with angular 


effected by imparting equal rotations in 
opposite directions to a pair of similar prisms 
mounted in tlie parallel beam between the 
end reflector and the telescope O.G., it is 
desirable • to secure the maximum possible 
openness of the range-scale by giving to each 
of the prisms an angular deviating power d, 
such that a rotation of these prisms through 
180°, i.e. from the position shown in plan by 
Fig. 27 to the position shown hy Fig. 28, should 
allow of coincidence for all ranges between 
infinity and the desired minimum range R„,. 

The angular deviating power of each prism 
being 5, a rotation through 180° will effect a 
de-Fiation of any ray in the horizontal plane 
through an angle equal to 45, and the 
deviation 5,, produced by a rotation through 
any angle a less than 180°, as shown by Fig. 
29, is obtained from the equation 

5i = 26(l-cos a), . . .(C) 

it being remembered that when a is between 
90° and 180° the cosine is negative in value. 

Thus for rotations of 0°, 90°, and 180° the 
deviations are 0, 25, and 45 respectively. The 
angle 45 must therefore be made equal to the 
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maximum angle of parallax i/R,„ to be 
measured, or 



Thus when 6 = 1 metre and R„j = 250 m.. 


^ lObO’ 

approximately minutes of arc. It will be 
noticed that the focal length of the O.G. does 



not enter into equation ( D), for the reason that 
the deviation is effected in the jjarallel beam 
and not in the convergent beam, as in the case 
of the sliding-prism typo of range-finder. 

For any given range R the parallax angle 
0=6/R, and since 5 must be equal to Q we 
have, by substituting in equation (0) above. 


or 


^ = 25(1 - cos a), 
oosa = l-2~:j;, • • • (E) 


where a is the angle of rotation of one of 
the deviating prisms from its infinity position 
necessary for bringing about coincidence. By 
giving to R in the above equation the successive 
numerical values it is desired to indicate on 
the range-scale, the corresponding angle a can 
be found. 

Thus in the case of the range-finder con- 
sidered above, with a base length of 1 metre 
and deflecting prisms each with an angular 
deflecting power of one in a thousand, equation 
(E) becomes 

, 500 

cos a = 1 - , 


from which the following table has been 
calculated as an example : 


Range 

(metres). 

Angle, 

Range 

(metres). 

Angle. 

20,000 

12“ 60' 

800 

67“ 59' 

10,000 

18“ 11' 

700 

73“ 23' 

5,000 

25“ 50' 

600 

80“ 22' 

4,000 

28“ 68' 

600 

90“ 

3,000 

33“ 36' 

400 

104“ 29' 

2,000 

41“ 26' 

300 

131“ 49' 

1,000 

60“ 

250 

180“ 

900 

38" 




The.se angles must, of course, be multiplied 
by the gearing ratio adopted — usually two. 

(iii.) Two-magnification Typa . — In this type 
of range-finder an eyepiece range-scale, extend- 
ing along the lower side of the coincidence line, 
is graduated so tlrat when the instrument is 
in adjustment the coincidence of the two 
differently magnified images of an infinitely 
distant object can only be obtained at the 
place along the coincidence line at which the 
infinity mark of the scale occurs. Let Fig. 30 
represent the field-of- 
view of such a range- 
finder, and suppose 
that the images of an 
infinitely distant ob- 
ject have been brought 
into coincidence on the 
line marked “ qo .” 

Now suppose the ob- 
ject to move uj) along 
the straight line, join- 
ing it with the loft eye 
of the range-finder, to a distance at which the 
base length b of the range-finder subtends an 
angle 6. Then the partial image, in the upper 
part of the field-of-view, produced by light 
passing through the right eye of the range- 
finder, will, during the supposed movement of 
the object, move from left to right through a 
distance where equals the focal length of 
the corresponding telescope objective, whilst the 
partial image due to the left eye, iii the lower 
part of the field, remains on the infinity mark. 
Now suppose the range-finder to bo rotated 
through a small angle a about a vortical axis, 
in the counter-clockwise direction as seen from 
above, both the images will then move to the 
right, but the more magnified imago, in the 
lower part of the field, will move more quickly 
than the one in the upper part of the field, and 
eventually catch it up at a distance d from 
the “ 00 ” mark, such that d~f^a, where /g 
is the focal length of the telescoire objective 
on the left. Since the image in the lower 
field is more magnified than the image in the 
upper field, it follows that / 2 >/i, and that in 
consequence, whilst the lower image moves 
througli the distance /ga, the upper image will 
move through a shorter distance /^a. Thus 

d=Ae+f^a ( 1 ) 

but d=f^a, i.e. a = v, . . • (2) 

/a 

and 



Ida. 30, 


Substituting these values of a and 0 in equation 
(1) we get Ad 

and solving for d we obtain 


d = 




(4) 
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which siiows that the eyepiece range-scale is 
a reciprocal one, since b, fy, and /g are con- 
stants for the range-finder. Equation (4) 
may be written 

^ — ^ constant), . (5) 

i.e. the difference in the focal powers of the 
two objective systems must be made equal 
to the base length divided by the product of 
the length of the range-scale, and the range 
corresponding to that length. 

In practice the total lengtii of the range- 
scale is limited to about 1 cm., and the mini- 
mum range required is, say, 250 metres, so 
that if the base length equals I metre, then 


the focal lengths being expressed in metres. 
From this equation, one focal length being 
assumed, the other can be found. Thus when 
f\~25 cm., /a must be made equal to 27’7 cm. 
In a range-finder of this type, made by Bausch 
and Lomb, /^ = 16'26 cm., /g = 16-78 cm., 
6=0-8 m., and (i = 0-95 cm. for the minimum 
range of 450 m. 

§ (17) Stjjrjsosoopic Ranoh - finders : 
Fixed Scale and WANDEitiNG-MARic. — In 
these types of range-finders (see Fig. 8) the 
parallactic displacement D, in the common 
focal plane of the two objectives, is obtained 
from d — bf/R, Avhere, as before, B is the base 
length of the range-finder, / the focal length 
of the telescope objectives, and R the range. 
The distance between the two infinity marks 
— marks upon whioli the two images of a star 
would be simultaneously projected — ^in the 
common focal plane of the objectives may, 
by suitable disposition of the reflectors, bo 
given any value, usually that of the avei*age 
interpupillary distance of tlio men likely to 
use the range-finder. This distance, once 
determined and adjusted, remains fixed, that 
is, it is not affected by any adjustment of the 
interocular distance necessary for individual 
observers. A fixed scale miglit consist simply 
of a single mark in one ocular field and a 
number of marks in the other field, correspond- 
ing to the series of ranges for which the instru- 
ment is to be graduated. With such an 
arrangement as this the image of the single 
mark, in the use of the instrument, would be 
fused .storeoscopically m succession with each 
of the marks in the other ocular field. In 
practice, however, it has been found better 
to provide for each of the ranges to be 
indicated a separate pair of marks, one in 
each ocular field, but the principle of the 
calibration is the same. Thus for a range- 
finder in which the product 6/ is equal to 
k, say, and in which the distance between the 


infinity marks is equal to A, say, the distanc( 
apart of the jiair of marks f(n any finite rang( 
Ri must be made equal to A - k/R^. 

The same principles apply in the case of the 
wandering-mark. Here one ocular field con 
tains a fixed mark, whilst in the second field ^ 
second mark is adjusted transversely to the 
line of sight by means of a micrometer screw 
the drum of which is calibrated for the rangei 
corresponding to the parallactic displacement! 
required for the given ranges according to th( 
equation above. 

§ (18) Conclusion. — From the story non 
told, it will be seen that whilst the EnglisI 
naval and military authorities accept the 
coincidence type of range-finder as the mosi 
efficient service instrument, the Germar 
authorities on the other hand, under 
guiding and compelling genius of Carl Zeiss 
liave favoured the stereoscopic type. Now ir 
the case of a coincidence instrument there ii 
no question but that a comparatively larg( 
percentage of service men can be trained tc 
work it efficiently, whilst in the case of th( 
stereoscopic instrument the conditions an 
very different. English military opinion tend! 
to the conclusion that only about 5 per cem 
of men tried ever become efficient range-taken 
with the stereoscopic instrument, and thi! 
conclusion is supported by German experience 
In the German training - schools we believt 
that, of the total number of the men tried 
only about 15 per cent are finally selected foi 
training. It is claimed that of these men £ 
certain very small number, after an extender, 
period of trial, attain a stereoscopic differentiat- 
ing power of 4 seconds of arc. This compare! 
favourably with the standard reached by the 
best range-takers with the coincidence type. 
The average, however, claimed by the Germans 
is about 10 seconds — should a man not be able 
to attain an accuracy of 20 seconds or less, he 
is rejected. 

It must be remembered that the remarkable 
accuracy which has been claimed for both 
typos of range-finder has only been secured 
by tests made under the most favourable 
conditions — laboratory conditions, in fact — 
and it may be that, as regards their best 
performances under these conditions, the one 
type can claim no decided advantage over the 
otlier. Tests under service conditions, how- 
ever, are the only ones which have any useful 
discriminating value, and these are not so 
easily carried out. A range-taker, under the 
intense nerve strain brought about by a 
modem battle, may find that he can obtain 
very much better results with one type of 
range-finder than the other, and, so far as 
evidence is available, there can be little doubt 
that under the severest service conditions the 
coincidence has a very decided advantage 
over the stereoscopic typo. 
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Now the battle of Jutland was fought with 
9 - feet Barr & Stroud coincidence range- 
finders on the one side, and 3 -metre Zeiss 
stereoscopic range-finders on the other. Very 
few instruments of greater dimensions than 
these were used by either side. It is, however, 
strange to say, very difficult to arrive at a 
just conclusion as to the relative merits of 
the work done with these instruments. Each 
side has shown a desire to give full credit 
to the work of the other. When, however, 
everything is taken into consideration, there 
appears to be very little doubt that the 


days of the stereoscopic range-finder, as a 
chief service range - finder, are numbered. 
This is not to be wondered at when it is 
remembered that, before the war, Germany 
had held out against the world in adopting 
the type. No doubt it will still be made and 
used for special work, possibly against air- 
craft. Any one who has exjierienced the ease 
and precision with which a stereoscopic range- 
finder can be directed to and ranged on a mere 
wisp of floating cloud will readily realise 
that for work of this kind it stands out 
unrivalled. 


LIST OP THE MORE IMPORTANT BRITISH PATENTS FOR RANGE-FINDERS i 


Speciftoatlou Ko. 

Year of Aiiijlluatlon. 

Name. 

Hubject-niattur. 

367 

1860 

Adie 

Coincidence : tilting mirror typo 

G08 

1863 


Coinoidonoc : tilting mirror typo 

8043 

1886 

Mallock 

Coinoidcnco : tilting mirror typo 

12404 

1886 

Christie 

Coincidence; lateral displacement of O.G. 

9620 

1888 

Barr & Stroud 

Coincidence : travelling deflcoting prism, 
oto., etc. 

13507 

1893 

.. 

Coincidence ; aatigmatieors, separating 
prisms 

17048 

1893 

Grousilliers 

Stereoscopic 

178C8 

1893 

Abbo 

Infinity adjusters 

3172 

1901 

Barr & Stroud 

Two objectives side by side 

6267 

1901 

Forbes 

Stereoscopic 

1G647 

1901 

Marindin 

Tilting reflector 

18273 

1902 

Barr & Stroud 

Single telescope type 

1462 

1903 


Separating prisms, optical squares 

4268 

1903 

Forbes 

Steroosoopio 

12735 

1904 

Dennis Taylor 

Sinpilo telescope : swiiiKing deflecting prism 

28866 

1904 

Kbnig 

Adjusters 

11726 

1905 

Carl Zeiss 

Separating jn'isins 

10039 

1906 

Barr & Stroud 

Deflecting rotating prisms 

28728 

1906 

„ „ 

Self-contained adjusters 

12177 

1907 

Carl Zeiss 

Poriscopio 

16200 

1907 

Dennis Taylor 

Separating prism 

16467 

1907 

Carl Zeiss 

StcreoBcopio 

26646 

1907 

„ „ 

Adjustc'i' 

830 

1908 

„ „ 

Adjuster 

1209 

1908 

J1 » 

Eppenstein — unequal magnification Holds 

3626 

1908 

ft ft 

Storeosoopio imago marks 

9906 

1908 

Barr & Stroud 

Soimrating prism 

13813 

1908 

ft tf 

Handles and working heads 

21864 

1908 

C. P. Gocrzi 

Separating prism 

22102 

1908 

Christie 

Adjustor 

22363 

1908 

Goerz 

Separating adjuster prism 

23173 

1908 


Separating jirism 

7786 

1909 

Barr & Stroud 

Frames 

7786 

1909 

» ft 

Scales and soalc-oreoting prisms 

16847 

1909 

C. P. Goerz 

Unequally divided fields 

18611 

1909 

„ 

Separating prism 

21870 

1909 

Carl Zeiss 

Adjuster 

30152 

1909 

Barr & Stroud 

Separating prism 

6082 

1910 

Dennis Taylor 

Binocular ooinoidonoo 

7392 

1910 

ft ft 

Mirrors for optical squares 

24714 

1910 

C. P. Goerz 

Vertical and horizontal eyepieces 

28022 

1910 

Carl Zeiss 

Folding 

613 

1911 


Upper invert, double separating lino 

• 24821 

1911 

C. P. Goerz 

Separating prism 


^ It will bo noticed that this list is iDractioally h'mited to patents taken out by tlio four chief manu- 
facturing firms. 
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LIST OF THE MORE IMPORTANT BRITISH PATENTS FOR RANGE-FINDERS— con/fwMed. 


Slieciflcation No. 

Year of Application. 

Name. 

Subjoiit-inattor. 

25122 

1911 

Carl Zeiss 

Complementary inverted fields 

25209 

1911 

C. P. Goerz 

Separating prism 

25368 

1911 


Separating prism 

12062 

1912 

Carl Zeiss 

Halving adjustment 

14041 

1912 

,, ,, 

Adjuster 

14146 

1912 

C. P. Goerz 

Adjuster 

16837 

1912 

Carl Zeiss 

Adjustor 

21027 

1912 


Pcriscopio 

2360G 

1912 

,, ,, 

Periscopic 

26233 

1912 

Barr & Stroud 

Variable base range-finder 

27483 

1912 

Carl Zoiss 

Stereoscopic : with separating prism 

30090 

1912 

Dennis Taylor 

Different vertical and horizontal magnifica- 
tions 

103 

1913 

Carl Zeiss 

Adjuster 

1635 

1913 

» » 

DilTorent vertical and horizontal magnifica- 
tions 

4879 

1913 

„ „ 

Binocular coincidence : different mag- 
nifications 

8098 

1913 

,, ,, 

Adjuster 

10966 

1913 


Stereoscopic : with double images in each 
field 

14183 

1913 


Separating prisms 

15815 

1913 

.. » 

Coincidence and stereoscopic ; double 
deflecting devices 

27217 

1913 

Ban' & Stroud 

Scale-indicating gear 

8312 

1914 

Carl Zeiss 

Grouped to give single reading 

11463 

1914 

„ „ 

Optical squares 

14701 

1914 


Optical squares 

15140 

1914 

Barr & Stroud 

Exliausting adjuster 

16294 

1914 

,, „ 

Scale-conversion gear 

20263 

1914 

Carl Zoiss 

Adjuster 

21280 

1914 


Addition to 16816/13 

622 

1916 

J> ,, 

Adjuster 

2114 

1916 

Barr & Stroud 

Exhausting range-finder 

364'! 

1916 

Carl Zeiss 

Variable resistance scale indioator 

1179 

1915 

,, „ 

Addition to 16816/13 

4567 

1916 

„ „ 

Sotting gun-sight 

6426 

1916 

„ „ 

Adjustor 

7679 

1916 

)i 

Friction elevating gear 

14608 

1916 

,, ,, 

Addition to 20263/14 

1251641 

1916 

Rottonburg & Willans 

Heiglit-finder 

126687 

1916 

Barr & Stroud 

Height-finder 

126726 

1918 

Taylor 

Adjusting end squares 

127886 

1917 

Barr & Stroud 

Separating-prism systems 

127907 

1917 


Height- finder 

129043 

1917 

Taylor 

Single telescope : swinging-prism type 

129044 

1917 


Halving systems 

129346 

1917 

Barr & Stroud 

Height-finder ; conversion gear 

129881 

1918 

„ ,, 

Height-finder : travelling deflecting prism 

131610 

1917 


Height-finder : travelling deflecting prism 

131611 

1917 


Height-finder : rotating deflecting prism 

133974 

1917 

19 11 

Scale- conversion gear 

136223 

1916 

„ ,, 

Multi-magnifying systems 

139224 

1916 

»» » 

Height- finder 

146094 

1916 

11 It 

Unit-magnifioation system 

147106 

1920 

Carl Zeiss 

Periscopic range-finder 

149326 

1920 

„ JJ 

Adjuster : zero base 

165461 

1918 

Barr & Stroud 

Wandering-picture graticule 

177698 

1920 

” 

Mounting large range-finders of the coast- 
defence typo 

188930 

1921 

„ 

Periscopic range-finders 


‘ From iOlO the specification numhers run continuously, commencing with No. lOOOOi. Year numbers 
arc given provisionally. r- t n 
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Range-find TNG, Accuracy op. See “ Range- 
finder, Short-liase,” § (4). 

Rational Intercepts or Indices, The Law 
OF, in crystal structure. See “ Crystallo- 
graphy,” § (10). 

Rayleigh Limit : tlie maximum difference 
in pliase with which the various rays passing 
through an optical system may arrive at 
the focus without spoiling the definition. 
About } wave-length. See “ Microscope, 
Optics of the,” § (9) ; also “ Light, Diffrac- 
tion of.” 

Rayleigh’s Radiation Formula. See 
“ Radiation,” § (6). 

Rayleigh’s Theory of the Scattering of 
Light by particles small compared with the 
wave-length, applied to explain the blue 
colour of the sky. See “ Scattering of 
Light by Gases,” etc., § (2). See also “ Ultra- 
microscope and its Applications,” § (2). 

Reading Microscopes. See “ Divided 
Circles,” § (12). 

Recoil Atoms from radioactive substances 
which expel a-particles. See “ Radio- 
activity,” § (19). 

Reeds, Metal, without Pipes : musical 
instruments in which these form the vibra- 
tors. See “ Sound,” § (31). 

Reflecting Telescopes. See “ Telescopes,” 

§ ( 10 ). 

Reflection, Amount of, prom Silvered 
Mirrors. See “ Silvered Mirrors and Silver- 

§ (V- 

Reflection, Spectral. See “ Spectro- 
photometry,” § (14). 

Reflectivity of Metals. See “ Telescope,” 

§ ( 12 ). 

Refraction (Atmospheric), Errors due to. 
See “ Navigation and Navigational Instru- 
ments,” § (5). 

Refraction, Double. See “ Polarised Light 
and its Applications,” § (5). 

Refractive Index, measurement of. See 
“ Spectroscopes and Refractometers,” § (9) 
et seq. 

Refractive Index and Wave-length. See 
“ Optical Glass,” § (3). 

Rbfraotometer : an instrument primarily 
designed for the rapid determination of 
refractive indices. See “ Spectroscopes and 
Refractometers,” § (13) el seq. 

Reinforced Glass, Manufacture of. See 
” Glass,” § (43). 

Remy Diploscope : a useful form of 
phorometer. See “ Ophthalmic Optical 
Apparatus,” § (3). 

Resistant Glass, modern methods of test- 
ing. See “ Glass, Chemical Decomposition 
of,” § (3) (ii.). 


Resolving Power of a Microscope. See 
“ Microscopy with Ultra-violet Light,” § (2) ; 
“ Microscope, Optics of the,” Introduction. 

Resolving Power of Spectroscope. See 
“ Diffraction Gratings, Theory of,” § (6). 

Resolving Power of a Telescope. See 

“Telescopes,” § (7). 

Resonance Effects in the Scattering of 
Light by Gases. See “ Scattering of light 
by Gases,” etc., § (5). 

Resonator, Air, used as a sound detector. 
See “ Sound,” § (54). 

Reststrahlbn : a name given to the final 
radiations obtained by successive reflections 
from a substance ; these possess their 
maximum energy for almost the same wave- 
lengths as the maxima of the absorption 
bands for the substance. See “ Wave- 
lengths, The Measurement of,” § (7). 

Reversing Devices used in connection with 
the copying camera. See “ Photographic 
Apparatus,” § (3) (iii.). 

Rigidity of Glass. See “ Glass,” § (20) (ii.). 

Ritchie Wedge Photometer. See “ Photo- 
metry and Illumination,” § (27). 

Ritz, formula 

, N 

^ {m + /u, + (d/7n^)j-^’ 

n being the wave-number of a line in a series 
of the spectrum of an clement, the series 
being determined by the constants A, g, d, 
and the lino by the quantity m, whose 
values differ by integers in any one series, 
N being the “ universal constant.” See 
“ Spectroscopy, Modern,” § (10) (ill.). 

Rochelle Salt Process of Silvering 
Mirrors, introduced by Cimog in 1861, and 
used when the work is required to bo 
sUverod on the back. See ” Silvered Mirrors 
and Silvering,” § (2). 

Roohon’s Prism for Production of Double 
Images. See “ Polarised Light and its 
Applications,” § (12). 

Roof Photometer. See “ Photometry and 
Illumination,” § (28). 

Rot.atory Dispersion. See “ Polarised Light 
and its Applications,” § (21) (ii.). 

Rotatory Polarisation : an effect exhibited 
by certain substances in which the plane of 
polarisation of a beam of light is rotated by 
passage through the substance. The effect 
is exhibited by solids, liquids, and gases, 
and such substances are said to be ojitioally 
active. See “ Polarised Light and its 
Applications,” §(20); also “ Polarimotry ” 
and “ Quartz, Optical Rotatory Power of.” 
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Rousseau Diagram : a device for obtaining 
the average candle-power of a source from 
its polar diagram. See “ Photometry and 
Illumination,” § (42). 

Rowland’s Grating. See “ Diffraction Grat- 
ings, Theory of,” § (11). 

Rubens and Wood, their improvement in the 
method of isolating very long waves, baaed 
on the selective refraction and selective 
absorption of quartz. See “ Wave-lengths, 
The Measurement of,” § (7). 

Ruling on Glass. See “ Graticules.” 


Rumpord Photometer. See “ Photometr 
and Illumination,” § (25). 

Russell Angles : a system of angles b 
means of which the calculation of averag 
candle-power of a light source may I 
simplified. See “ Photometry and Illumim 
tion,” § (42). 

Rydberg, his relations between the wave 
numbers of lines in the spectra of element! 
and recognition of tho existence of thre 
chief types of series, known as the Principa 
Sharp, and Diffuse series. Seo “ Spectre 
scopy. Modern,” § (10) (ii.). 


S 


Sacoharimeter : a term applied to polari- 
moters, used to measure the strength of 
sugar solutions, in which the quartz wedge 
compensation system is employed. See 
“ Saccharimetry,” § (2). 

Sacoharimeter Scales. See “ Sacchari- 
metry,” § (4). 

Saccharimeters, conditions governing the 
accuracy and sensitiveness of. See 
“ Saccharimotry,” § (7). 

Mechanical construction and design of. 
See ibid. § (6). 

SACCHARIMETRY 

§ (1) Introductory. — The optical rotation of 
a sugar solution can bo measured by means 
of the polarimeter,’- and if the rotation of a 
pure sugar solution of the same concentration 
be known, the percentage iiurity of the first 
sample can then bo calculated. Owing to 
the rotatory dispersion (variation of rotatory 
power with wave-length) of all active sub- 
stances, a monochromatic light source is 
necessary in all polarimctrio measurements. 
The half -shadow angle of the polarisor must 


and this is by no means the case with bh 
average raw sugar solution. 

Biot had observed that the rotatory dispei 
sion of quartz was a])proximately the sam 
as that of a sugar solution, and in response to 
prize of 2000 francs -offored hj'- the “ Societ 
d’ Encouragement ” for a moans of determinin. 
tho strength of sugar solutions correct to 2 pe 
cent, Soloil ^ ingeniously evolved the quart 
compensator system, in which he utilised th 
rotatory power of quartz, to neutralise tha 
of the sugar solution. With this arrangemenf 
tho polarisor and analyser are fixed and crossed 
and the rotation of a sugar solution is given b; 
tho distance a quartz wedge has to be moved h 
order to neutralise tlie rotation of the solution 
Since the rotatory dispersions of quartz an( 
of sugar solutions are a])proximately equal 
this system permits the use of white light witl 
its relatively great intensity and convenience. 

§ (2) Saccharimeters. — Tho berm “sac 
charimeter ” is now generally applied onb 
to polarimeters in which this quartz wedg( 
comjionsation system is used. 

The optical arrangement in a standarc 
polarimetor is shown in Fig. 1. The polarising 
prisms CD form the Lippich ® polariser. Th( 



Fig. 1. 



J K 


bo small in order to obtain accurate results. 
But even with a half -shadow angle of 6°, only 
a small fraction of the incident light enters 
the eye of tho observer at the matching 
point. The usual monochromatic light source 
(sodium light) was therefore too feeble for 
accurate measurements oven when the optic- 
ally active substance was bigbly transparent, 
' Sec “Tolarimotry,” 


wedges K and L are made of loft -rotating 
quartz and have their bases on opposite sides, 
so that a beam of light will pass through 
undeviated. The analyser M is “ crossed ” 
mth tho polarisor CD before the quartz wedges 
are mounted. A compensating disc J of 

“ Soloil, Compt. Rend.. 1845, xx. 1805 ; 1845, xxi. 
420 ; 1847, xxlv. 973 ; M6m. Inst., 1845, xiil. 214. 

” See “ Polarlmetry,” § (6). 



SACCHARIMETRY 


657 


right rotating quartz is introduced. Its long "wedge is right rotating "while, the other 
thickness is such that it equals that of the is left rotating. The deviation of the beam 
left rotating wedges K and L when the is compensated by means of the glass wedge G. 
movable wedge K has been moved approxi- Although this method means a con.siderable 
mately one-fifth of its total path (as measured savmg owing to the scarcity of optically pure 
from the position when the thinner end of quartz, it has not come into general use. 
K is nearer the centre). The objective N There are possibly two reasons for this — first, 
is achromatic and the eyepiece O is focussed tire double refraction almost always present 
on the sharp dividing line of the prism D. in a thick glass wedge with the decrease in 

The light source is focussed on the diaphragm sensitiveness that follows ; and, second, the fact 
A of the polariser by a lens (shown in the that the dispersion of glass being different 
diagram). A can therefore be regarded as frorjr that of quartz a coloured fringe "would 


A B C EF GHJMN O P Q R 



the virtual light source. An image of this is 
brought to a focus, in turn, at the objective 
N of the observing telescope, by means of 
the condenser lens B. Cover glasses P and G 
serve to protect the polarising and analysing 
systems from dust and damp. 

When an observation tube containing a 
liquid is placed in the j)ath between F and 
G, a halo is usually seen surrounding the 
usual field of view. This is caused by reflec- 
tions at the inner walls of the tube ; if a 
diaphragm is placed at Q (the focal plane of 
the eyepiece) so that its aperture is equal 
to, or only slightly greater than the size of 
the image of E formed by the lens N at Q, 
then this effect is avoided. The apertures li 
and P serve to cut off scattered light from 
outside and multiple back reflections. 

In the double wedge instrument sho'wn in 
Fig. 2 the optical arrangement is the same, 
only that now the quartz compensating disc 
(in the case of the single wedge instnnnent) is 
replaced by two wedges J and K of opposite 
rotation to the other pair L and M. The long 



Tig. 3. 

wedges K and L are movable, whilst the 
short wedges J and M are fixed. The special 
advantages of having two movable wedges of 
opposite rotations will be discussed later. 
Martens ^ suggested that the same result 
may be obtained as sho"wn in Fig. 3. The one 
^ Martens, Zeilschr. fiir Instkde., 1900, xx. 82, 
VOL. ly 


bo seen at each side of the field of view, since 
the light source is approxima.tely white. 

The standard instruments of Friii, Schmidt 
and Haensch, Goerz, Peters, Bausch and Lomb, 
and Tlilger, are all optically identical wdth 
either Fig. 1 or Fig. 2. The saccharimeter 
of Pellin embodies a Laurent polariser, while 
in that of Bellingham and Stanley the modified 
Jellet prism described on p. 483 is employed. 
When a separate light source is used, another 



Tig. 4. 


short focussed convex lens is mounted in 
front of the diaphragm A (Figs. 1 and 2), so 
that it forms an imago of the source at A, 
when the latter is placed a particular distance 
(15 cm. in the Schmidt and Haensch instru- 
ments) in front of this auxi!ia.ry lens X (in 
Fig. 4). In order to secure a uniformly 
illuminated field of view a diffusing screen is 
placed at Z, and the image of S can be accurately 
focussed on it by looking sideways through the 
elongated observation hole Y at the side of the 
tube carrying the lens X. The diaphragm at 
A is extended outwards, as sho"wn, to screen 
off the extraneous light from the observer. A 
deviation prism W is mounted in an aperture 
in this extended diaphragm so that a beam 
of light is obtained to illuminate the scales of 
the instrument. When electrical illumination 
is used, the large diaphragm at A and the deviat- 
ing prism can be dispensed with, the illuminat- 
ing beam T being obtained by placing a small 
mirror at the requisite angle above the source. 

2 TT 
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It must be noted that, as in the polarimoter, 
the beam emerging from the condenser B is 
not strictly parallel, but is made to converge 
on the objective of the observing telescope. 
This secures that the maximum permissible 
amount of light enters the eye of the observer, 
simultaneously with uniform illumination of 
the field of view. 

§ (.3) Bates’s Saociiarimeter. — It is not 
possible to vary the half shadow angle of an 
ordinary saccharimeter, because it would entail 
a removal of the quartz wedges, etc., in order 
to set the analysing nicol at the new position 
of matching. If the polariser and analyser 
are not accurately crossed, a match cannot 
be made at any position of the wedge when 
tlie quartz compensating system is inserted, 
because, approximately white light being em- 
ployed, the rotatory dispersion of quartz will 
cause considerable colour differences in the 
two halves of the field of view. 

Bates ^ has constructed a saccharimeter in 
which the adjustment of the analyser is 
automatically made as the half shadow angle 
is varied by rotating 
the whole Lii)i)ich 
prism of the polariser. 

Let OPi in Fig. 5 
represent the plane 
of polarisation of the 
light emerging from 
the whole Lippich 
prism, OPg the plane 
of polarisation of the 
half Lippich, and 
AOA' that of tlie 
Fia. 5. analysing nicol. OD 

is drawn perpendicu- 
lar to AOA', and OC bisects the angle PjOPa. 
Let 5 be the angle that the normal to the plane 
of the analyser makes with OC, the bisector 
of the half shadow angle. 

ZPiOA=|-“-l-5. ZP.OA' = J<-|-5. 

If I is the intrinsic intensity of illumination 
of the light emerging from the whole Lippich, 
its intensity after transmission through the 
analyser will be given by 

Icos2 PiOA=l8in2 (?-5). 

The intensity of tire light leaving the half 
Lippich will bo airprociably less. A portion 
is lost by reflection at the two ends of the 
prism, by absorption in the spar and by 
reflection at the balsam film ; suppose this 
fraction to be 1 - x ; the fraction transmitted 
will be K. Another portion is cut off because 
the half Lippich is not parallel to the whole 
Lippich, and the fraction transmitted will be 

^ Bates, Jixill. Bur. Statid., 1007, Iv. 4(51. 



given by cos^ a according to the law 
Malus. 

The resultant intensity of the light from • 
half Li])pich will therefore bo I x k cos^ a, a 
this after transmission through the analy 
becomes 

I X X cos^ tt cos- P 2 O A' -- Ix cob" a sin^ (“ - 1 - 5) 
When a match of the fields is obtained, the; 


I sin^ 



= Ix cos® a sin^ 



, •. sin 2 cos S — cos ^ sin 5 = 


\ X cos a sm : 


-I- vx cos a cos 2 sin 


sin ^ cos S(1 — Vx cos a) 


: COS a sin 5(1 -|- Vx cos ( 


.•. tan 5-- 


1 — Vx cos a 
1 'I- V X cos a 


If the loss of light by absorption and reflc 
tion at the half Lippich is neglected, then x = 
and tan 5 = tan‘‘ci/2 as was shown by Bates 
his first jiapor. But this factor x is importar 
as was realised by Sohonrook ^ and Wrighi 
indepondontly. The latter assumed that tl 
loss of light in the half Lippich Avas approj 
mately 10 per cent, the value of the consta; 
X in the above equation being therefore • 
The following table, duo to Wriglit, shows tl 
difforonoo introduced by considering th 
factor. 


HiiK 

Valiio i.f 

Value of 

Half 

Value of 

Value 0 

Shadow 

5 from 

S from 

Hhttdow 

X from 

5 from 

Anglo 111 

Jjatea'ii 

Wright 

Angle In 


VVrlght 

Dogi'oes, 

Foniiuhi. 

{K ^•U), 

i 

1 logrees. 

Formula. 

(x=-0), 

0 

0 

0 

go 

r 

7/ 

2° 

0 

2' 

10” 

2' 

10' 

4" 

0 

3' 1 

f »)« 

4' 

14' 

0“ 

1' 

4' j 

14" 

d' 

18' 


Sohdnrock calculated the loss of light froi 
the well - known equation of Fresnel. Fc 
perpendicular incidence the percentage loss ; 
given by - l)®/(n-l- 1)^ x 100. Taking n s 
1'486 (refractive index of Iceland spar) th 
percentage loss is 7-5. A further allowanc 
of -6 per cent is arbitrarily made for absorptio 
inside the small Lippich, thus making th 
constant x in the above equation -92. Th 
effect of considering the absorption is, as Bates 
pointed out, to make the variation of 5 wit 
a more approximately linear. If the analysin 
nicol is therefore made to rotate with a 

“ S(!li(inro(0c, Zeitsch. Fer. DeuL ZwkcHM., 1901 
Iviii. 111. 

“ Wright, Amer, ,1mrn. Rdewe. 1908, xxvl. 301. 

* Bates, Bull. Bur. Stand., 1908, v. 193. 


SACCHARIMETRY 


669 


angular velocity slightly greater than half of 
that of the whole Lippich, the variation of the 
zero point of tlie analyser ean in Bates’s con- 
struction he reduced to ±-14° (or +'05°S.) 
from the true matching position as given above, 
even when the half-shadow angle is altered 
from 3° to 15°. But it appears that, where 
the highest accuracy is required in measuring 
a rotation, a small allowance must be made 
for the change of the zero position with the 
particular half -shadow angle employed, 

§ (4) Sacchaeimeter Scales. — The amount 
of the rotation of a substance is' proportional 
to the distance that the movable wedge has to 
be displaced m order to neutralise the rotation. 
A scale is therefore fixed to the movable wedge, 
and a vernier mounted on the fixed one as 
shown in Fig. 6. The scale and vernier 
(S and V of Fig, G) are illuminated by the 
beam from the deviating prism (T in Fig. 4). 
This falls on a grey glass screen W {Fig, 6) 



Fio. 6. 


and is reflected by the mirror R^ on to the 
scale and vernier. The reflected image of 
the latter in the mirror Rj is observed by the 
telescope 0. 

It will be realised that the scales of all 
saccharimeters are arbitrary, depending on the 
angle of the wedge and on the length of a 
scale division, the rotation in a particular 
position being nl tan 6{k) where n denotes the 
number of divisions the wedge has been moved 
from its zero position, I the length in milli- 
metres of a smgle scale division, Q the angle of 
wedge, and k the rotatory power of quartz per 
millimetre for a particular wave-length. 

The wedge angle and length of scale division 
adopted by Soleil were such that the rotation 
of the plane of polarisation of sodium light was 
21 •67° when the wedge was moved 100 divi- 
sions. This was supposed to bo the amount by 
which the plane of polarisation of sodium light 
was rotated when passed through a quartz plate 
exactly 1 mm. thick, the faces of the plate 
being cut normally to the optic axis. 

The value of the rotation given above is that 
of Broch (1846). Later determinations have 
shown that the specific rotation of quartz is 
appreciably greater than the above value; 
nevertheless, tlic 100° point on the scale has 
been standardised for the rotation as given by 


Brocb, so that all French saccharimeters give 
aluKJSt identical readings — which is by no 
means the case 'with the other continental 
saccharimeters. 

§ (5) Rotation Constants of Sugar. — The 
specification of the normal sucrose solution 
which, when placed in a 200 mm. tube, would 
have a rotation of 21-07° for the sodium D 
lines at 20° C., has been the subject of a 
large number of determinations. The normal 
weight is defined as the number of grams of 
pure sucrose that is contained in 100 c.c. of the 
normal solution at 20° C., and values ranging 
from 16-0 grm. (Dubrunfaut) to 16-51 grm. 
(Clerget) have been given. In 1875, the value 
of 16-19 grm. (Girad, and de Luynes) was 
adopted as the official normal weight. The 
Intornati(mal Congress of ApiDlicd Chemistry 
(Paris, 1896) suggested that a redetermination 
should be made. The French Finance Ministry, 
acting on the report of Masoart and Benardd 
adopted the value 16-29 grm , which remains 
up to the present the official French normal 
weight. 

Ventzke ® in 1842 proposed that the rotation 
of a standard sugar solution should be used to 
determine the 100° point on a sacoharimeter 
scale. Origmally, a 25 per cent solution of 
cane sugar was suggested as the normal 
solution ; he afterwards pi’oposed that the 
specific gravity of such a solution could be used 
for determining the concentration (that tho 
normal solution should have a specific gravity 
of 1-1 at 17-5° C.). It was found impossible 
to make determinations of tho specific gravity 
with sufficient accuracy, so that tho normal 
solution was defined as one containing 26-048 
grm. of sucrose in 100 c.c. of the solution at 
17-5° C.3 

In 1855 the Mohr c.c. came into general use 
(1 Mohr c.c. = volume occupied by 1 grm. of 
water weighed in air with brass weights at 
17'5° C., 100 Mohr c.c. = 100-234 metric c.c.), 
and, until 1900, saccharimeters wore standard- 
ised with a normal solution based on the 
Mohr c.c. whilst thejiormal weight remained 
unaltered. Thus tho scale usually recognised 
as that of Ventzko has a normal weight 
1-00234 times greater than that proposed by 
him. 

Owing to the confusion and errors resulting 
from the two standards of volume, the Inter- 
national Commission for uniform methods of 
sugar analysis recommended <a new defirrition 
based upon the metric c.c. and a standard 
temperature of 20° C., as 17-5° C. is generally 
below the average temjrerature of a sugar 
laboratory. After correcting for the change 


^ Mascart et Bdnarcl, Ann. Chim. Phlisiriue, 1899, 
(7), xvli. 127. 

^ Vontzkc, Erdman's Journ. fiir praMische Chemie, 
18-12, XXV. 06. 

» Ibid., 1843, xxvill, 111. 

* ZeUfichr. Ver. DeuL Zuckerind., 1900 (1.) 1. 367. 
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in the specific rotation of the sugar solution 
with, temperature, and allowing for the tem- 
perature coefficient of the saccharimeter and 
tube, a normal weight of 26-01 grm. is obtained 
for an instrument standardised at 17-5° Cl. 
with the Mohr flask. 

The International Commission decided to 
make the new normal weight exactly 26-000 
grm. The following definition was formulated, 
and has since been accepted in all countries 
with the exception of France and the French 
colonies. 

“ One dissolves {for instruments arranged for 
the German normal weight) 26-00 grm. of pure 
sugar in a 100 metric cubic centimeter flask, 
weighing to be made in air with brass weights, 
and ‘ polarises ’ the solution in a room the 
temperature of which is 20“ C. Under those 
conditions the instrument must indicate 
exactly 100-00. 

“ The temperature of all sugar solutions to be 
tested is always to be kept at 20° C., while 
they are being prepared and while they are 
being ‘ polarised.’ ” 

By “ polarising ” is understood in this 
connection the measureraont of the number of 
scale divisions that tlie wodgo has to bo moved 
in order to secure a match of the fields of tho 
Lippich polarisor when a column of tho normal 
solution 200 mm. long is placed in the path, 
the point of roforonco being the reading on tho 
scale when the fields are of equal intensity, 
without any active solution in tho path. 

Owing to difficulty of making a solution of 
pure sucrose of the required concentration, a 
secondary standard has to be made for both 
the manufacturer in the primary graduation 
of the instrument, and the user of the instru- 
ment for chocking purposes. 

The subsidiary standard is a quartz plate 
which when measured with a saccharimeter 
gives tho same reading as that of a normal 
solution with the same instrument. The 
angular rotation of such a plate at 20° 0. for 
sodium light was determined by Schonrock^ 
in co-operation with Herzfeldj® the value given 
by him being 34-667°. Practically all sacohari- 
meters employing the scale of the International 
Sugar Commission have, until recently (1917), 
been standardised on this basis. The above 
figure is commonly called the “ conversion 
factor,” and its accurate determination is of 
great importance in saccharimetry. 

It had been neted at the Bureau of Standards 
that all normal sugar solutions, however care- 
fully prepared, gave a reading below 100-00° 
when polarised in sacchariraeters standardised 
on the basis of the conversion factor given by 
Herzfold and Schonrock. 


A preliminary scries of measurements wo 
undertaken by Bates and Jackson ^ in 191 
when they found that the normal solution re£ 
99-90° S. This was subsequently verified 1 
Walker,'^ who ]n'oparcd sucrose by tho alcoh 
method and obtained 99-88° S. This led Bat 
and Jackson ^ to undortako an exhaustive ii 
veatigation of tlio Avholo problem. 

Tho al)solute rotation of a normal solutic 
of sucrose in a 200 mm. tube was measure 
by means of the spcctro - polariraeter, usir 
the green mercury radiation. This was four 
to bo 40-763°. Tho absolute rotation of 
quartz plate that gave tho same reading o 
a saooharimotor as tho normal solution w£ 
40-690°, tho difforonco being duo to tl: 
slightly different rotatory dispersions of tl: 
two substances. 

Tho ratio of tho angular rotations of a quarl 
plate for sodium light (X=-= 6892-5 A.) and tl: 
green mercury i-acliation (6461 A.) had bee 
previously measurod by Bates ® ; this constar 
was re-doter mined and tho moan value foun 
to bo 

,21)° C!. 


20 " 


•86086. 


This ratio for tho normal sugar solution wa 
also measured and found to be -84922. 

Tho value of tho conversion factor i 
therefore 40-690 x -86086 .=:34-620° for sodiur 
light (X — 6892-6 A.) as against the valu 
34-667° from tho Horzield-Schtinrock detei 
mination. 

Herzfold lias criticised this result on th 
ground that Bates and Jackson have omitte 
to guard against tho prosonce of micrc 
organisms in their standard solutions, and tha 
tho solutions from which tho pure sucrose wa 
crystallised were not kept slightly alkalin 
during evaporation to avoid slight hydro 
lysis. As Bates and Jackson have pointe 
out in thoir paper, the value for the specifi 
rotation of sugar for the normal solutio: 
obtained from tho Hcrzfeld-Schfinrock cor 
version factor is very much higher than th 
average value determined from the formulae c 
Tollens and of Nasini and Villavecchia as com 
bined by .Landolt.® According to the lattei 
[a]®”'’ = 66-602, whilst tho value given b 
Schonrock® is 00-627. The Amluo obtaine' 
from the rodeterminations of Bates and Jacli 
son is 66-629, which serves to corroborate th 


” Bates and .Tactoon, Bighlh Internaiional Congrei 


of App. Chem., 1912, xxv. 617 
* Walker, Stinar, 1015, xvli. 


./alker, Slunwr, 1015, xvli. No. 2, 47. 

“ Bates and Jackson, BuU. Bur. Sta., 1910, xiii. 61 
" Bates, ibid., 1900, li. 247. 

’ Horzfolcl, Zeitschr. Ver. Deut. ZucTcerind., 191’ 
Ixvlil. 407. 

* Landolt, Bas optinche Brehungsi'ermOffen (2ncl eil. 


* Sclii'mrock, ZcHschr. Ver. Deut. Zurlcerind. (Teehn. 
Tell), 1904, liv. 521, abst. in Ann. d. Phys., 1904 (•!), 
xiv. 400. 

“ Herzfeld, Zeilschr. Ver. Devi. Zuclcerind. (Tcclm. 
Toil), 1900, 1.'820. 


1898, p. 420. 
“ Behanrof 


^ehanrock, Zeits. Ver. Dmt. Zuekerind., 1904, Id 
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value that they have obtained for the conver- 
sion factord 

This modification of tlie Herzfeld-Sclionroclc 
values for tlic scale of the International 
Commission has been acce]:)ted at the National 
Physical Laboratory (England) and at the 
Bureau of Standards (America). Apiiarentl 3 '' 
pending international confirmation it has not 
yet been accepted by other bodies. 

Sidersky and Pellet (189G) suggested that 20 
grm. should be used as the normal weight 
instead of the 1(5 grm. (Erencli) and the 20 
grm. (German). The proposal was rejected 
by the International Commission “ in 1906. 
A strong movement for its adoption was 
started in America ^ in 1918. The reasons in 
favour of, and against, this scale are considered 
by Saillard.^ 

Up to the present, however, no reliable data 
of sufficient accuracy are available to justify 
its adoption for high-precision saccharimeters. 

§ (6) Construction and Design oe 
Saccharimeters. — The polariscr and analyser 
(with quartz compensating arrangement) are 
usually mounted on rigid trestle suiiports 
fastened to a heavy base. The polariser 
is similar to the types used on polari- 
meters (q-v.) with fixed half-shadow angle 
(with the exception of the Bates -Fri6 instru- 
ment). The movable wedge of the compen- 
sating system is moved along close-fitting ways 
by means of a rack- and- pinion movement. 
The scale is mounted on the carriage holding 
the movable Avedge. While the other wedge 
is fixed, in the sense that it is not moved when 
an observation is being made, it can be moved 
laterally by means of a screw and key when 
necessary in order to arrange that at zero 
point of matching, the lengths of the movable 
Avedge on each side of the optic axis of the 
instrument should be in the pi'oportion of 
30 : 115. This is needed so that the full 
length of the Avedge and scale can be utilised. 
The vernier scale can bo moved independently 
in a similar manner to correct for the zero 
error of the scale. The method of illuminating 
and observing the scale is indicated in Fig. 6. 
When two sets of Avedges are employed as in 
Fig. 2, tAVO separate observing telescopes are 
used in the Pri6 instruments, while in those of 
Goerz, and Schmidt and Haensch, the two sets 
of scale and vernier are brought into the field 
of view of the one observing telescope. 

The range covered by single Avedge (movable) 
saccharimeters generally extends from - 30° S. 

‘ An independent determination of the 100° point 
of the Herzfeld - Sclionrock scale has hocn made 
recently by Stanek. His results confirm the values 
obtained by Bates and Jackson. Listv cukrovanicke, 
1920-21, No. 45; Zeitscli. Zuckerind. cechoslavak Ife- 
Vublik, 1021, xlv. 417, 425. 

“ Inter. Sugar Joum., 1007, ix. 5. 

“ Cf. Browne, Louisiana Planter, Dec. 7, 1918; 
Jan. 5, 1919. 

" Saillard, Joiirn. des Fabricants de Sucre, 1919, 
Ixo No. 13. 


to 4-110° S. or 115° S., the verniers reading 
directly to -1° S. (in the case of the Hilger 
saccharimeter the vernier reads directly tf) 
•05° S.). Generally it is possible to estimate 
to Avithin a half of the vernier division. The 
scales and vernier are made of nickcline having 
a coefficient of expansion of -000018, or of 
glass (-000008). A sensitive thermometer is 
often mounted in the compensator head, so 
that the temperature of the wedges and scales 
can be accurately knoAvn. 

The movable Avedge of the Bellingham and 
Stanley saccharimeter is only one quarter of 
the length of the usual AA^edge, and therefore 
the scale is correspondingly shorter. The 
latter is engraved by means of a photo- 
ceramic process and is observed by transmitted 
light, by means of a loAv-poAvor microscope. 
The vernier is similarly engraved on a glass 
plate and is mounted in the focal plane of the 
microscope ocular. 

As the above-named ]mocess admits of only 
one definite size for the scale and vernier, the 
variations m the angle of the Avedge are com- 
pensated for by a sIoav motion to rotate the 
wedge in the plane periiendicular to the optic 
axis of the instrument, since it is the angle of 
the wedge in the direction of its motion that is 
the effective factor m determining the length 
of the scale. 

The external features and other details of 
mechanical construction are best obtained 
from the makers named. 

§ (7) Conditions governing the Acohraov 
AND Sensitiveness op Sacoiiarimeters. — 
The optical purity of the quartz in the com- 
pensating system to a great measure contrf)ls 
the accuracy and sensitiveness of a sacchari- 
meter. Apart from regular tAvin crystals, 
which can often bo detected by an examination 
of the crystal faces,® it is generally found that a 
parallel plate of quartz cut perpendicular to 
the optic axis contains a number of sjiike- 
shaped crystals of opposite rotation irregularly 
distributed, usually around the outside of the 
plate and pointing towards the centre. 

These can bo conveniently detected by the 
method of Buisson,® whore interference bands 
are produced by the quartz plate in a parallel 
beam of polarised light. When green mercury 
light is employed the interpenetrating crystals 
show up as sharp discontinuities in the other- 
wise uniform interference bands. 

If a quartz plate is examined in a powerful 
polarised beam of Avhite light (say from a 
point-o-ljte lamp) and the rotation of the plate 
be compensated for by adjustment of a pair 
of quartz wedges placed directly in front of 
the analysing nicol (method due to Twyman) 
a series of bands are seen of a hexagonal 
shape parallel to the natural edges of the plate. 

' Cf. LcavIs, Crystallography, p. 619. 

“ Buisaon, Journ. d. Phys., B sdrie, 1019, ix. 25. 
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Those apparently indicate that the rotatory 
power of quartz is to some extent influenced 
by conditions at the time of its growth. As 
these bands are invariably present, even when 
the above-mentioned interpenetrating crystals 
are absent, it is important to cut the wedges 
in a direction along the band. 

It is owing to the lack of homogeneity of 
quartz that the double wedge system {Fig. 2) 
is of considerable advantage. Not only can 
the scale of working wedge be calibrated with 
reference to that of the “ control ” wedge at 
all points along its path, but also by placing 
the latter at different points, the rotation of 
a sugar solution can be measured with different 
portions of the working wedge, thereby elim- 
inating errors due to local imi)erfections in 
the wcdgci. 

These local errors in aaccharimeter wedges 
can also bo determined by means of the 
“ control tube ” of Schmidt and Haensch.^ 
This consists of a telescopic observation tube 
of metal which can be adjusted by means of 
a rack-and-pinion movement, to give a column 
of solution of any length between 225 and 
410 mm. By means of a vernier the exact 
length of a column of solution within this range 
can bo road upon a scale, to within OT mm. 
If an approximate half-normal solution is used, 
the 100° S. point on the saccharimeter will bo 
given by a column about 400 mm. long. If 
the length of column required to neutralise 
the wedge at each scale division is determined, 
a calibration curve is obtained that allows for 
the faults of the wedge and also for any 
inequalities in the scale divisimrs. It is of 
course important that the scale of the tele- 
scopic tube be accurately calibrated independ- 
ently. 'Browne ® has given the curves of 
errors of a Schraidt-Haensch and a Bates-Frif: 
saccharimeter taken annually over a period 
of seven years. It is interesting to note that 
while local imperfections persist, there seems to 
be a small progressive decrease, from year to 
year, in the average error of the scale. 

If the optic axes of the quartz wedges and 
compensating disc do not accurately coincide 
with the direction of the optical axis of the 
instrument, the incident j)lane-polarisod beam 
becomes elliptically polarised- after transmis- 
sion through the quartz, to an extent depend- 
ent on the amount of “axis error” and the 
thickness of quartz traversed. The methods of 
Gumlich ® and 'Walker ^ seem only satisfactory 
for comparatively thick plates. SchSnrock ® 
has investigated the interference bands (in 
convergent polarised light) of a plate of quartz 

^ Schmidt und Haenscli, Zeitschr.fUrlnslkde., 1884, 
iv. 100. 

* Browne, Joum. of Ind. and ISnff. Chem,, 1920, 
xll. 702. 

” Qumlloh, Wws. Abh. d. phyn. techn. Reichsanstalt, 
189B, 11. 201. 

‘ Walker, Phil Mag. 

“ SchOnrock, ZeiXsoli. Inslhde., 1902, xxii. 1. 


the optic axis of Avhicli makes a small ang 
with the normal to tlio i)lato. In conjunctic 
with Brodhun “ he has evolved a method ( 
accurately determining the axis error of 
parallel plate of quartz. The quartz plate 
mounted on the table of a sniall spectromete 
and is mounted at an angle of about 40° t 
the optical axis of the collimator and telescopi 
which arc in alignment. Nicol prisms ai 
placed in both the telescope and collimato: 
and on illuminating the slit with sodium ligl 
the dark interference bands are seen. Th 
plate is rotated in its oum plane, until th 
displacement of the bands in either direotio 
is a maximum. The plate is turned (about 
vertical axis) until any one band is centr? 
with the cross wires in the telescope (or to th 
slit image). The plate is now rotated through 
180° in its own plane, the plate being simul 
taneously turned (by rotating the table) so a 
to keep the band in the same position. Th 
axis error of the plate is given by one-thir( 
of the angle that the plate has to be rotated 
By employing a slow-motion movement fo 
turning the s]-)ectromoter table Brodhun anc 
Schonrock find that axis error can bo deter 
mined to within a few seconds of arc. 

The object of correcting for axis error ii 
the quartz is to avoid elliptic polarisation o 
the plano-irolariscd beam after transmissioi 
through the quartz. The same effect is causec 
by accidental double refraction at any poin 
between the polarisor and analyser. It ii 
therefore equally important that all the wedges 
etc., be mounted as free from strain as possible 
This is particularly applicable to the quart; 
control irlatos used for standardising and check 
ing the 100° point of the saccharimeter, as 
the temisoraturo variations are more prO' 
nounced in this case, as Weichman ’ anc 
others have observed. Williams ® has devisee 
a mount for the control plate, in which the 
hrtter is. hold freely in a guard ring of steel, 
•0025 mm. thicker than the quartz plate. 

The glass plates protecting the polarisei 
analyser should be made of well-annealed 
optical glass, as should also the end plate oi 
cover glasses of the observation tube. The 
latter are often made of plate glass, this being 
the origin of some of the perplexing differences 
in rotation values obtained for one and the 
same solution examined in different tubes. 

Owing to the difference between the rotatory 
dispersions of sugar solution, and quartz (which 
though small is not negligible), the colour dif- 
ference between the two halves of the field at 
the matching point is quite a,ppreoiabl6 when 
a white light source is used, and an accurate 
matching is very difficult. The difference in 

* Brodhun nnd Schdnrock, Zeitsch. InstJede., 1902, 
xxii. 304. 

’ Weichman, School of Mines Quarterly, 1899, xx. 

* Williams, Inter. Sugar Journ., 1919, xxi. 330. 
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the viilucs of the rotation of a normal solution 
when the saccharimeter is illuminated with 
green mercury light (\ = 5461 A.) and sodium 
(\ = 5892-5 A.) is -188° S. (Schonrock or -185° 
S. (Bates and Jackson^), the value for the 
green mercury radiation being the higher. 

Schonrock ® therefore, suggested that one of 
the sodium light filters of Lippich ^ should be 
used. The latter used a 10 cm. column of a 
G per cent solution of ]:)otassium bichromate, 
but Schonrock found that a 1-5 cm. layer was 
sufficient. The International Sugar Commis- 
sion in 1912 adopted the resolution that when- 
ever white light is used in saccharimetric 
observations it must be filtered through a 
solution of potassium dichromate of such con- 
centration that the product length of column 
in cm. and percentage concentration =9. 

The evaporation of the water and the 
instability of the colour necessitates that the 
s(Aution be periodically renewed. To obviate 
this difficulty Adam Hilger, Ltd., have evolved 
an aniline dye filter that is more permanent 
and gives on a saccharimeter readings identical 
TOth those of the standard bichromate filter. 
Fig. 7 gives the percentage transmission curves 



for the two filters, the data bemg obtained by 
means of a Hilger-Nutting spectro-photometer. 

It will be noticed that these filters only 
exclude the lower portion of the spectrum, all 
wave-lengths above about 5700 A. being trans- 
mitted freely. It is only to be expected there- 
fore that different observers should obtain 
slightly different results owing to their vary- 
ing spectral sensibility curves. An interesting 
observation has been made by Browne.® Three 
observers adjusted the length of control tube 
required to equalise the intensities in the fields 
of two saccharimeters the wedges of which 
were set at 100° S. Dividing the mean value 
of each observer (for each instrument) by the 

^ Schonrock, Zeitsch, Ver. Deut. Zv^Jcerind., 190d-, 
liv. 5,52. 

“ Bates and Jackson, Bull. Bur. Sla., 1916, xiil. 
123 . 

“ .Schonrock, Zeitsch. Ver. Deut. Znckerind., 1904, 
liv. 652. 

* Lippich, Zeitsch. Instkde., 1892, xii, 340. 

' Browne, Journ. of Ind, and Eng. Chem., 1920, xll. 
792. 


general average length of column, the following 
•values, in terms of the saccharimeter scale, 
were obtained. 


Oliaerver. 

Schmidt and 
Haensch 
Saccliariineter. 

Batofl-Frii: 

Sficcharimeter. 

Average. 


°.s. 

S. 

® S. 

A 

100-020 

99-971 

99-9955 

B 

99-992 

100-013 

100-0025 

C 

99-987 

100-017 

100-0020 

Average . 

99-9997 

100-0003 

100-0000 


It will bo noticed that there is a difference 
of about -04° S. between the results of A and 
C on the one instrument, Avhile with the other 
instrument this difference has an approxi- 
mately equal negative value. On examination 
it was found that the half-Lippich prism of 
the Batos-Frid saecharinreter is on the right, 
while in the Schmidt and Haensch instrument 
it is on the loft. This indicates that the 
partial absorption of the light by the half- 
Lippich prism is an appreciable factor in the 
complex problem.® 

§ (8) COREECTIONS FOR TeMI'ERATURE. — As 
the temperature corrections m saccharimetry 
are unusually complicated, it is desirable to 
work at a temperature as near to 20° C. as 
possible. 

The Ihiear coefficients of expansion of quai-tz 
parallel and perpendicular to the oi^tic axis 
are •000007 and -000013 respectively, so with 
a change of tomjjerature the angle of the wedge 
is altered, the coefficient of the change being 
- -000006. The sx>ecific rotation of quartz has 
a temperature coefficient of -000130 (Sehon- 
rock ’), whilst that of the metal scale is about 
•000018 (or -000008 for glass). 

The total temperature coefficient of a 
saccharimeter is -000007 - -000013 + -OOOISG 
H- -000018 = -000148 in the case of the metal 
scale, and -000138 when the glass scale is used. 

The true reading of the instrument at 20° 0. 
is given by 

Rj,o = Rt +Ri(^ — 20° C.)‘000148 (metal scale), 
or 

R2(,=Bt-t-Bt(t-20°C.)-000138 (glass scale), 

where Bj is the reading of the saccharimeter at 
the temperature t. 

The temperature coefficient of a quartz 
plate is -000136-1- -000007 = -000143. So that 
if P( is the rotation in sugar degrees of 
the plate at t° C. its rotation at 20° C. is 
P2o=PtH-Pt{-000148--000143)(<-20) for the 

“ According to a footnote to the above paper, 
Browne mentions that Horne has experienced a 
similar reversal of the “ personal ecination ” by 
looking at the image of the field in a plane mirror, 
or by observing the field with the head bent downward. 

’ Schanrock, Zeiischr. Ver. Deut. Zuckerind., 1004, 
liv. 521. 
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metal scale, and P„o = Pr + Pt{-000005)(20 - i) 
for the glass scale Raceharimcter. 

Schonroek ^ has determined the temperature 
coefficient of sucrose between 9° C. and 31° C., 
and in the neighbourhood of 20° C. it is -000184, 
the coefficient of expansion of the solution is 
•000285, and that of the glass observation tube 
•000008, hence the total coefficient for the 
sucrose solution in the tube is -000461. If we 
neglect the effect of temperature on the reading 
of the quartz plate, we can express the rotation 
of a sucrose solution at 20° C. (W 2 j,) in terms 
of polarisation carried out at t° C., as 

W 20 = Wi + Wt { -000461 + A-} {« - 20} , 

where k is the temperature coefficient of the 
saccharimeter itself. 

The temperature coefficients of other sugars 
are given by BroAvne.^ 

§ (9) Technical Methods oe Sacchaki- 
METRY. — The saccharimeter is most generally 
used in the analysis of the products of the 
cane- and beet-sugar industries. Owing to 
the similarity in their rotatory dispersions, 
nearly all the sugars can be quantitatively 
estimated by means of the saccharimeter, 
although in certain instances, e.g. commercial 
glucose, dextrin, etc., it is advisable to use a 
bichromate filter of double strength (i.e. per- 
centage concenti’ation X length in cm. = 18), 
as the rotatory dispersion of these substances 
is greater than with sucrose. 

For full details of the chemistry and tech- 
nique of sugar analysis, reference must be 
made to the standard text-books of Lippman,® 
BroAvne, ^ Weichman,® and others, and to the 
Circular (No. 44) of the Bureau of Standards. 
The following is the usual method of carrying 
out a direct polarisation, i.e. the determination 
of sucrose, in the absence of any other optically 
active substance. 

Dissolve the normal weight (26 grm.) of 
the substance (assumed to be chiefly sucrose) 
in a 100 c.o. flask containing some water. In 
general the solution will be dark, and a clarify- 
ing agent must be added, usually 1-3 c.c. of 
basic lead acetate solution folloAved by 1-2 c.o. 
of alumina cream. (The amount of clarifying 
agent should be as small as possible.) The 
volume is then completed to the 100 c.c. mark, 
any foam accumulating on the meniscus and 
preventing accurate reading being dispersed 
by bloAving on it a little alcohol or ether from 
an atomiser. 

The solution is shaken thoroughly and 
filtered, the first portion of the filtrate being 
rejected, the remainder being well shaken up 
again. A 200 mm. tube is well rinsed in the 

* Schroniock, Zeitschr. Ver. Deut. ZiccJcmisid., 1903, 
liil. 650. 

^ BroAvne, Handbook of Sugar Analysis, 1912, p. 128. 

’ Lippman, Chemie der Zuckerarten, 1904. 

* BroATOe, Handbook of Sugar Analysis, 1912. 

“ Weichraan, Sugar Analysis, 3rd ed., 1914. 


solution and filled. The reading observed ( 
the saccharimeter (after correction for zo 
error of instrument) will give directly the pc 
centage purity of the sample. If the Avhc 
operation has been carried out at a temperatu 
other than 20° C. a correction of -03° S. p 
1° C. difference can be used for high grad 
of sugars. 

§ (10) Invert or Double Polarisatic 
Method. — The method of direct polarisatio 
as explained above, gives the percentage 
sucrose only in the absence of other ojitical 
active substances. The double polarisatic 
method depends upon the principle that whe 
sucrose is hydrolysed the reaction is expressc 
by the folloAving equation : 

^i2Ha2Gu + R-aO == GijIRgOo + CgHi20(}. 

Sucrose. Water. Glucose. Fructose. 

This resulting mixture of glucose and fructos 
in equal quantities is termed Invert Suga 
which has a specific rotation = - 20. ! 

will be seen that one part of sucrose is converte 
to (360/342) = 1-05263 parts of invert sugar. 

If the specific rotation of sucrose be talce 
as 66-5, then the ratio of optical activity befoj 
and after inversion will be 

66-5 _ - 66-5 

l-0526.3(-20)"'21-0626’ 

which is a decrease of 87-5526 in the specifi 
rotation, and the decrease for a normal sucros 
solution would be (100 x 87-5526)/66-5 = 131-6( 
so that the scale reading of a nonnal solutio 
of pure sucrose would after inversion rea 
- 31-66° S. 

It foUows, therefore, that the decrease i 
the saccharimeter reading on inversion vvhe: 
divided by the factor 1-3166 gives the percent 
age of sugar originally present. This of cours 
is only the case when no other optically activ 
substance present is hydrolysed, and AAffiei 
the agent used for inversion does not influenc 
the specific rotation of the other substanccE 
The inversion method of determining sucros' 
was discovered by Clerget ® in 1849, the in 
version agent being a few c.c. of hydrochlort 
acid. It is necessary to warm the solution ti 
a temperature of 68° C., and on cooling agah 
allowance must be made for the dilution 0 
the invert sugar by the acid. When the solu 
tion after inversion is too dark to be measurer 
on the saccharimeter, it may be decolorisec 
by means of filtration through animal charcoal 
or by the addition of reducing agents such as 
zinc dust, etc., the destruction of colouring 
matter being due to the nascent hydroger 
liberated by the action of the hydrochloric acid 
present on the zinc. 

Unfortunately, the hydrochloric acid con- 
siderably influences the specific rotations oi 

‘ Clerget, Compt. Rend., 1849, xvi. 1000. 
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fructuao, raffmoso, amino compounds, etc., that 
may bo j^resent, and tlie Clerget method is 
modified i)y either ec[ualising the conditions 
before and after inversion with hydrochloric 
acid, or to use other inverting agents that do 
not have the objections of hydrochloric acid. 
Numerous organic acids have been tried, 
but as a whole have not been satisfactory. 
KjeldahG in 1881 employed yeast as the in- 
verting agent, the active part of which is the 
enzyme invcrtase, which can be prepared by 
the method given by Hudson.® 

This invertase method is probably the best 
of the Clerget modifications, as it has no effect 
on the specific rotations of substances usually 
present with sucrose except in the special cases 
where raffinose or gentianose is present. 

As the temperature of a solution of invert 
sugar is raised, tlie specific rotation of the 
fructose is gradually decreased, whilst that of 
the other constituent (glucose) is not affected. 
Those two substances being present in equal 
quantities, a temperature can be reached at 
which the rotatory power of the one substance 
will exactly neutralise that of the other. This 
temperature is usually taken to be 87° C., 
and forms the basis of the method of Chandler 
and Ricketts,® originally employed for estimat- 
ing the amount of commercial glucose present 
in cane-sugar, molasses, and honey. The 
saccharimoter reading is obtained by placing 
the solution in a water- jacketed observation 
tube (as described in “ Polarimeter,” § (17)), 
and circulating water from a. thermostat 
until the reading of a thermometer placed 
at the central opening is steady, at 87° C. 

w. E. F. 

SACOirARTMETRy, direct polarisation method 
of. See “ Saooharimotry,” § (9). 

Invert or double polarisation method of. 
See ibid. § (10). 

Teclmioal methods of. See ibid. § (9). 
Temperature corrections in. See ibid. § (8). 
Saturation (of Conouu in Light), the 
distinctness or vividness of hue. See 
“ Spectrophotometry,” § (2). 

Saturation, Degree of, used in connection 
with colour as an indication of purity. See 
“ Eye,” § (8). 

Savart’s Polartscope. See “ Polarised Light 
and its Applications,” § (15) (iv.). 

Scale : a term used in music to denote a series 
of notes proceeding up or down at certain 
specified intervals. See “ Sound,” § (3). 
SCALE-RBAMNO PROJECTION FOR SENSITIVE 

Instruments. See “ Projection Appar- 
atus,” § (17). 

* Kjeldahl, Comvt. Rend. Labor. Carlsberg, 1881, i. 

102 . 

“ Tluclson, Journ. Indus. Eng. Chem., 1910, ii. 143. 

ChandlGr and lllckctts, Journ. Am. Chem. Soo., 
1880, il. 428. 


SCATTERING OE LIGHT BY GASES, 
WITH SPECIAL REFERENCE TO 
THE BLUE SKY 

§ (1) Light from the Sky. — The fact that 
the sky is luminous at all calls for explanation. 
Its light is evidently derived from the sun, as 
the sky becomes dark whenever the sun is 
far below the horizon. But why do we 
receive sunlight from directions aAvay from 
the sun, and Avliy is the light modified to a 
blue colour ? 

If the sky in a direction at right angles to 
the sun is examined Avith a Nicol prism, it 
Avill be found that the light is strongly polar- 
ised. The direction of vibration is at right 
angles to the line joining the sun to the point 
examined. Tlie polarisation, though by no 
means complete, is very consxucuous, and 
could not he missed by the most casual 
observer.® Capacity to explain this effect 
must bo a crucial test of the merits of any 
proposed theory of the blue sky. 

All the explanations Avliich have from time 
to time been given postulate some material 
substance Avhich intercepts part of the incident 
sunlight and scatters it laterally towards the 
observer on the earth’s surface. 

This lateral scattering has ahvays been 
connected Avith the earth’s atmosphere. The 
blue colour seen against the dark background 
of a distant mountain is obviously to be 
attributed to the same general causes as the 
blue of the zenith ; thus Ave cannot assign 
the latter to anything that occurs in outer 
space. 

Erom'many points of vioAV fluorescence of air 
Ayf)uld seem to afford an explanation. The 
ultra-violet light of the sun might give rise 
to a lateral scattering of blue light of lower 
rofrangihihty than its own. This theory, 
however, is negatived by the fact that the 
Fraunhofer lines are present in the light of 
the blue sky, just as in the direct light of the 
sun. A fluorescence spectrum has on the other 
hand no connection Avith, or at least no 
detailed resemblance to, that of the exciting 
light. Moreover, this view leaves the polar- 
isation unexplained. Another theory was 
attempted by Clausius.® He assumed that 
bubbles of water Avoro present in the upper 
atmosphere, and he regarded the blue colour as 
an example of the colours of thin plates, 
produced by reflexion from the bubbles. If > 
these are sufficiently thin the colour vrill be 
the blue of the first order. This theory, 
however, fails to account for the richness of 

* The phenomenon inny he used to bring the, moon 
In Its earlier pliase.s Into view at an earlier hour 
of the day than would otherAvise be possible : the 
masking light of the sky being partially quenched 
with the Nicol. 

‘ Fogg. Ann. Ixxii., Ixxvl., Ixxxvlil. 
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sky blue, nor does it meet the requirements 
as regards polarisation very satisfactorily. 
Moreover’, the presence of bubbles of the 
required thickness is a purely ad hoc 
supposition. 

The true direction in which to look for an 
explanation was pointed out by the experi- 
ments of Briicke.’^ He poured a small quantity 
of a solution of gum mastic in alcohol into 
an excess of water, which has the effect of 
producing a precipitate of the gum, in a 
fine state of division, and capable of remaining 
in suspension for a long period. If this liquid 
is illuminated by a horizontal beam of sunlight, 
the light scattered laterally will show a marked 
blue colour. When this is examined with a 
Nicol prism at right angles to the primary 
beam, it is found to be polarised almost 
completely, the vibrations of the laterally 
emitted, or scattered, hght being executed in 
the vertical plane. If, keeping in the hori- 
zontal plane, we pass away from the rect- 
angular direction, the percentage of polarisa- 
tion becomes less, tending to vanish as the 
original direction of propagation is approached. 
The conditions of symmetry round the original 
beam allow us to anticipate this, since there 
is nothing to distinguish vertical and hori- 
zontal directions of vibration in the limiting 
case. 

An alternative method of producing the 
effects was employed by Tyndall,^ who took 
advantage of a pecuhar property of certain 
organic vapours. Butyl nitrite vapour, for 
instance, when mixed with a little hydro- 
chloric acid, gives a fine cloud as the result 
of chemical decomposition when illuminated 
by a powerful beam from the sun or from the 
electric arc, and this cloud, for a minute or 
two after its formation, shows the blue lateral 
emission to good advantage : though the 
present writer has never been able to get so 
good an approach to a pure blue sky as 
Tyndall’s descriptions would lead one to 
expect. As the action proceeds the particles 
become larger, and the scattered light tends 
to whiteness. At the same time the polarisa- 
tion becomes less marked. The condition 
for a good blue, and for nearly complete 
polarisation, is that the particles should be 
small. 

§ (2) Lord Rayleigh’s Theory. — Small 
compared to what ? The answer was given 
by the tliird Lord Rayleigh.® They must be 
small compared with the wave-length of light, 
so that at any given moment nearly the same 
phase of the incident vibration prevails at 
all parts of the particle. 

Rayleigh entered on a full theoretical dis- 

^ Pcffff. Ann. L'cxxviii. 303. 

“ Phil Maff., Series 4, x.xxvii. 385: Phil. Trans., 
1870. 

» PMl. Mag., 1871, xli. 107-120, 274-279 ; Col- 
leoted Works, 1. 87. 


cussion of the subject. He showed that if 
the particles are regarded as small independ- 
ent vibrators, with their phases at random, 
simple considerations of symmetry indicated 
that the polarisation must be as observed. 
The case was essentially different from that 
of polarisation by reflexion from a glass sur- 
face, in that the phases of the elementary 
vibrators in that case were not at random. 
It was also simply shown from the theory of 
dimensions that the intensity of the scattered 
hght must be inversely proportional to the 
fourth power of the wave-length : thus the 
short waves have a great predominance, 
which accounts for the blue colour. From a 
consideration of the analogy of waves on water, 
it will readily be seen that a small obstacle 
is more effective in breaking up and scattering 
short waves than long ones. For a more 
detailed treatment of the subject, Rayleigh 
made use of the elastic sohd theory of hght. 
Although this theory is now obsolete, it has 
sufficient formal analogy with the electro- 
magnetic theory to form a trustworthy guide. 
Later, the subject was rediscussed by him in 
terms of the electromagnetic theory.® 

The blue colour of the sky, then, is to be 
attributed to the scattering of hght by smaU 
particles. But of what nature are these 
particles ? The earlier writers appealed to 
atmospheric dust, and Rayleigh in his earher 
papers took the same view, favouring especi- 
ahy particles of common salt. Later,® he 
showed theoretically that the molecules of 
the air itself would account for the greater 
part of the effect. The calculation was based 
on the values obtained by Bouguer, who 
examined the transmission of sunhght to 
the atmosphere, for various altitudes of the 
sun. The hght scattered laterally is missing 
from the transmitted beam, and hence a 
measurement of the absorption gives a means 
of estimating the amount of, or at least a 
superior hmit to, the scattering. In the 
calculation referred to, it was connected with 
the refractive index of air, and with the number 
of moleculfes in a cubic centimetre. 

Later and much more accurate results for 
atmospheric transmission have been obtained 
by Abbot working on Mt. Wilson, and know- 
ledge of the number of molecules in a c.c. is 
now much more definite. Using these im- 
proved data, Schuster’ shows that the for- 
mula gives results within 1 or 2 per cent of 
those observed. 

It is to be remarked that this accurate 
agreement is only got when the observations 
are taken at a high altitude. The lower part 

* Phil. Mag., 1871, xli. 447-454 ; Collected Works, 
i. 104. 

® Phil. Mag., 1881, xii. 81 ; Collected Works, i. 518. 

“ Phd. Mag., 1899, xlvii. 375 ; Collected Works, 
iv. 397. 

’ Theory of Optics, 2nd ed. p. 329. 
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of tfie atmosphere — say the lowest mile — 
contains dust which adds considerably to 
the scattering due to the molecules them- 
selves. 

§ (3) Dust - FREE Air: Experimental 
Verification. — Thus far the investigation 
was carried by indirect methods. The direct 
observation of scattering by dust - free air 
followed considerably later. It was made 
independently by Cabannes,^ by Schmolu- 
chowski,^ and by the present writer.® Previous 
workers {e.g. Tyndall) who had attempted the 
problem were discouraged by observing that 
the track of a powerful beam through air 
became apparently dark when means were 
taken to remove the dust by filtration. It 
must be remembered, however, that the effect 
to be expected is very faint. The thickness 
of air illuminated in any laboratory experi- 
ment can only be a small fraction of the 
height of the homogeneous atmosphere. 
Thus if a beam of sunlight 5 in. square 
were used, the intensity seen laterally should 
be only about inj-J-o-ffth of the brightness of 
the sky. 

Success depends not so much on increasing 
the intensity of illumination, or using a beam 
of large diameter, for the limit of what is 
practicable in these directions is soon reached. 
The point to bo attended to is rather to design 
the apparatus in such a way that no false 
light interferes with the observation. If this 
can be achieved, then the great sensitiveness 
of the eye or the cumulative action of the 
photographic plate can be brought to bear. 
The principle to be used is to examine the 
beam, whether visually or photographically, 
as it passes across the mouth of a black cave. 
If the cave is deep enough it gives an in- 
comparably darker background than black 
velvet or any other blackened surface. The 
arrangement used by the writer in his earlier 
experiments is illustrated in Fig. 1. The 
beam enters by the window A. It is de- 
limited by the diaphragm B. It passes out at 
C, and is viewed laterally by means of the 
window D. E is the black cave which forms 
the background. F (diagrammatic only) is a 
photographic lens. 

When the apparatus is filled with the 
ordinary dusty air of the room, the track of 
the (horizontal) beam is strongly marked out 
by the illuminated dust. On draiving a 
current of filtered air through the apparatus 
the beam appears to casual observation to 
become invisible. But closer examination 
with a well-rested eye shows its track still 

' Comptes Rendus, 1915, clx. 02; TMscs prisenUes 
h la Faculli dea Sciences de V University de Paris, 
1021 . 

“ Jfiull. Ini. de I’Acad. de Sc. de Cracovie., 1916, p. 218. 

’ 11. tT. Strutt (RaylolRh, 4tli Baron), Jh'oc. Roy, 
Soc., 1918, xciv. 453; ibid. A, 1918, xcv. 165; 
ibid. A, 1920, xevli. 430 ; ibid, xcviil. 67. 


marked out in a faint blue luminosity.^ 
Moderate filtration with cotton-wool suffices 
to remove all dust from the air. The use of 
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Plate 

Fig. 1. — Diagram showing Arrangement of Apparatus. 

a much longer and more tightly packed 
filter induces no further change. 

§ (4) Polarisation and Intensity of the 
SoATTBRED LiGHT. — If a Mcol or double- 
image prism is hold in front of the eye or the 
camera, it can readily be verified that the 
scattered light is almost completely polarised, 
the vibrations being vertical (beam hori- 
zontal) (see Plate, Nos. 5 and 6). A closer 
examination, however, shows that there is a 
slight residual defect of polarisation. Tho 
horizontal vibrations are too faint for visual 
detection, but can be brought out by pro- 
longed photography. Experiments made in 
this way show that with air this faint com- 
ponent polarisation has about 4 per cent of 
tho intensity of the strong one. 

This result indicates much moi’e complete 
polarisation than is found in the sky. It 
must be remembered, however, that that part 
of tho sky which is at right angles to the sun is 
not illuminated by tho sun only, but also by 
other parts of the sky. Moreover, the air 
usually contains dust particles wMoh are not 
small compared with the wave-length of light. 
Both these causes tend to make the polarisa- 
tion less complete. 

As regards the slight defect of polarisation 
found in dust-free air, this is to bo attributed 
to the non-spherical symmetry of the scattering 
molecules. 

Similar incompleteness of polarisation is 
observed in other gases ; tho extreme cases 

* Owing to a peculiarity of colour vision witli faint 
lights, some persons are not able to recognise the 
colour as blue, though otliers feol no doubt about it. 
The use of colour-filters or a spectrographic examina- 
tion, however, leaves no doubt that the scattered 
light is bluer than the Incident (see description of 
Plate, Nos. 1, 2, 8, 4). 
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1. Beam in diist-freo air viewed transversely. Ultra-violet lllter. Tlio oval outline is light diffused by 

walls of vessel. The beam is seen passing across tills oval. 

2. Similar conditions, except tlmt a yellow filter is substituted. Beam very much fainter relative to 

iiglit diffused by walls of vesse • 

8. Spectrum of light from mercury lamp scattered by dust-free air and .showing ultra-violet lines 2536 and 
2054, but not the yellow and green lines. 

4. Spectrum of mercury lamp direct, showing yellow line 5890 and green lino 5460, but not the far ultra 
violet lines. 

6. Beam in pure air through a double image prism. Vibrations in upper image vertical, in lower horizontal. 
The beam is invisible in the lower image, showing that polarisation of the scattered light is nearly 
complete. 

G. Similar photograph with dusty air. The beams arc very strong, and comparable in intensity. 


SCATTERING OF LIGHT— SHARP -MILLAR PHOTOMETER 


669 


liithei’to found aro nitrous oxide, giving a 
weak component i)olari3ation 15 per cent of 
the strong one, and argon, giving -5 per cent 
for the same number. The nearly complete 
polarisation in argon will naturally be con- 
nected wth the monatomic molecule. It is 
probable that data of this kind will afford 
a valuable clue in unlocking the secret 
of molecular and atomic structure. J, J. 
Thomson has discussed the subject from this 
point of view. The total intensity of scattering 
in a given gas is proportional to the density, 
and this relation has been tested in carbon 
dioxide at ordinary temperature up to the 
point of liquefaction. There is no evidence 
of molecular aggregation, which would result 
in increased scattering, up to this point. 
The proportionality to density affords an 
experimental proof that the intensities due to 
the sei)arate molecules are additive, and con- 
sequently have their phases distributed at 
random. 

The total intensity of scattering in different 
gases has been compared, with the result that 
it is nearly proportional to the square of the 
refractivity. This is in accordance with 
theoretical anticipation for a spherical mole- 
cule, an assumption which for this particular 
purpose seems to represent the main features 
of the case. 

§ (6) RicsoNANon ExfiTECTS. — All that has 
been said so far applies to cases where the 
period of the incident light is very different 
from the free period of the gaseous molecules 
or atoms. With oi’dinary gases this condition 
is fulfdled, since the free periods are in the 
remote infra-rod or ultra-violet. But in certain 
cases of metallic vapours it is possible to 
examine phenomena of resonance. R. W. 
Wood 1 has shown that when mercury vapour 
at the ordinary temperature is illuminated 
by light of the ultra-violet line in the emission 
spectrum of mercury at X2536, a copious 
scattering occurs. The scattered light is 
but slightly polarised, and the transition 
between this case and the ordinary scattering, 
in the absence of resonance, has not been fully 
traced on account of oxjxoriraental difficulties. 

Wood has also observed resonance in 
sodium vapour illuminated by D light.^ 
The present writer extended the observation 
to the light of the ultra-violet line X3303, 
which is the member of the principal series 
next to the D lino.® He also showed that 
illumination byX3303 gave rise to a secondary 
emission of the 1) line. This observation, 
however, belongs more properly to the subject 
of fluorescence. 

1 PML Mna ., 1012, xxiii. 089. 

® Ibid . 1905, X. 513 ; also Physical Optics , 1912. 

“ R. .1, Strutt Glayloigh, 4th BaroTi), /Voc, Pop 
Soc . A, 1919, xcvl. 272. 


Scattering of Light by Small Particles, 
Rayleigh’s law of. See “ Ultramicroseope 
and its Applications,” § (2) ; also “ Scatter- 
ing of Light by Gases.” 

Schmidt and Haen.sch’s Polarimeter. See 
“ Polarimctry,” § (13) (iii.). 

Schumann Waves : a name given to waves of 
extremely short length measured by the use 
of a vacuum spectrograph, fluorite prism, 
and special iihotographic jilates. See “ Wave- 
lengths, The Measurement of,” § (0). 

Screen, Kinematograph, surfaces suitable 
for. See “ Kinematograph,” § (11). 

Screen, Photometer : the surface which 
receives the light from the sources being 
compared. See “ Photometry and Illumina- 
tion,” § (53). 

Screws, manufacture and testing of precision, 
as used in optical measurements. See 
“ Diffraction Gratings, M'anufacture and 
Testing of.” 

Search-light Mirrors, The Silvering oe, by 
Electrical Deposition. See “ Silvered 
Mirrors and Silvering,” § (3) (i.). 

Search-light Pro.ibotors, Photometry op. 
See “ Photometry and Illumination,” § (115). 

Seasonal Variation op Daylight. See 
“ Photometry and Illumination,” § (74). 

Secondary Spectrum : the term given to the 
residual colour effects in a simple achromatic 
optical system. See “ Microscope, Optics of 
the,” § 17 ; also “ Telescopes,” § (9). 

Sector Disc : a device for reducing in a 
known ratio the illumination on one side 
of a photometer head. Sec “ Photometry 
and Illumination,” § (21). 

“Seed,” a Defect in Glass; fine bubbles 
which should be removed during the process 
of fining, but which aro sometimes found in 
the finished glass. See “ Glass,” § (16) (iii.). 

Seidel, von. The Five- Aberrations op. 
See “ Telescope,” § (3) ; also “ Lens 

Systems, Aberrations of.” 

Selenium Cell as a Physical Photometer. 
See “ Photometry and Illumination,” § (33). 

Semi-indirect Lighting. See “ Photometry 
and Illumination,” § (71). 

Sextant. See “ Navigation and Naviga- 
tional Instruments,” §§ (19), (20), (21). 

Sextants using bubbles and pendulums. 
See “ Navigation and Navigational Instru- 
ments,” § (21) ; also “ Aircraft Instru- 
ments,” § (9), Vol. V. 

Sharp Foot-candle Meter : a portable 
illumination gauge. Sec “ Photometry and 
Illumination,” § (63). 

Sharp-Millar Illumination Photometer. 
See “ Photometry and Illumination,” § (59). 
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Shell-bursts, Location oe. See “ Sound 
Ranging,” § (5). 

Shutter, Exposino : a mechanical contriv- 
ance for exposing the sensitive plate in the 
camera. See “ Photographic Apparatus,” 
§( 8 )- 

Shutter, Speed oe, measurement of, by- 
various methods. See “ Shutters, Testing 
of Photographic,” § (2). 

SHUTTERS, 

TESTING OP PHOTOGRAPHIC 

§ (1) Introduction. — ^The problem of accur- 
ately measuring the speeds of camera shutters 
has engaged the attention of a great number 
of investigators, but the methods evolved, 
though differing greatly as regards the nature 
and complexity of apparatus employed, are 
all based on the measurement of small intervals 
of time. 

The term “ speed ” really denotes the total 
duration of exposure at any point of the plate. In 
the case of betwcon-lens sector shutters this is 
equivalent to the total time during whieli the shutter 
leaves are open. In the ease of focal piano shutters 
the speed is usually specified as the time taken for the 
opening of the Wind to pass a point in its own plane 
opposite the oontro of the plate. The duration of 
exposure at any other point usually has a somewhat 
different value owing to the variable velocity with 
which the blind moves. .Those durations in the 
plane of the blind differ from the intervals for which 
the corresponding points of the plate itself are 
exposed. 

Tho speeds of ordinary shutters vary from 
about 1 to 1/1000 second, though some types 
of shutter are designed to give speeds of the 
order of 1 to 6 seconds. In order, therefore, 
that a method should give accurate results 
over the ordinary range of speeds it should 
be capable of measuring intervals of time to 
an accuracy of from 1/1000 to 1/10000 second. 
It should be noted in this connection that for 
most purposes it is not necessary to obtain an 
accuracy of, say, one per cent, since in most 
shutters the speed corresponding to any given 
setting varies considerably in successive 
exposures. 

§ (2) Measurement oe Steed, (i.) Simple 
M ethods . — Before describing the more accurate 
methods of measuring shutter speeds it may 
be of interest to refer to one or two simple 
methods which do not involve very com- 
plicated apparatus. One method consists of 
forming an image of an illuminated, pinhole 
by moans of a lens and placing the shutter 
to be tested in tho path of tho beam of 
light. If, now, a photographic plate or a 
piece of sensitive paper is made to move with 
a constant definite velocity in the plane which 
is normal to the optical axis of tho lens 


1 system and passes through the point image, a 
line is formed on the plate or paper, when the 
shutter is released. The length of the line 
I gives a measure of the speed, provided that 
I the velocity of the plate or paper is known. 
Instead of causing the plate to move in a plane 
it is perhaps more convenient to use a piece of 
sensitive paper wound round a drum, which is 
made to rotate at a constant rate, the axis of 
the drum being normal to the optical axis of 
the filuminating system. The accuracy of 
this method depends, of course, on the con- 
stancy with which the sensitive surface is 
moved and on the accuracy with which the 
motion can be determined. 

A method employed some years ago consisted 
in photographing a bright ball formmg the 
bob of a pendulum,^ the baU being released 
from a known height and photographed in its 
first oscillation. A black background, with 
white lines drawn at distances representing 
equal intervals of time, was used for deter- 
mining the speed of the shutter, this being 
given by the length of the trace of the hob 
image. 

A simple instrument for testing shutters has 
recently been put on the market by a German 
firm under the name “ Columbus.” ^ It consists 
of a tuning-fork, giving 60 complete vibrations 
per second, between the prongs of which there 
is a small electric bulb. A sharp image of the 
lamp filament is formed by a microscope ob- 
jective attached to one of the prongs of the 
tuning-fork. The instrument is set up in front 
of the camera whose shutter is to be tested, 
so that, when the fork is at rest, the image of 
the filament is focussed on the ground glass. 
A horizontal slit is inserted in front of the 
camera objective ; when the fork is caused to 
vibrato, tho illuminated point imago is drawn 
out into a horizontal line. If, now, an ex- 
posure is made while the dark slide is moved 
downwards in tho camera, a wavy line is 
obtained. The siieed of tho shutter is then 
determined from the number of waves formed. 
The instrument enables one to measure the 
sjieed for the central rays and also the differ- 
ence in speed for tho central and marginal rays. 

Useful information on simple methods of shutter 
testing is to bo found in recent volumes of the British 
Journal of B'holoqra'phy, in the German work L. 
David’s Praktikum, 3rd edition, and in a paper by 
P. Sohrott in the Phoiographiache Korrespondenz, Oct. 
1919. 

(ii.) More accurate Methods . — 

For more accurate determinations of shutter speeds 
a number of devices, such as rotating discs provided 
with spokes, vibrating singing flames, and tuning- 
forks, bavo been employed for giving tho necessary 
sliort intervals of time. Tho first-named arrange- 

* For discussions on pendulum methods of measur- 
ing shutter speeds sec Brit. Journ. of Photography, 
190(1, liii. 

“ ZeitH. f. Feinmechanik, 1920, xxviii. 58. 
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menfc was used by Abney, ^ the spokes which project 
from a rotating disc being made to interrupt the 
beam of light whioli passes through the shutter. The 
speed of rotation of the disc is determined by means 
of the note given out by a siren arrangement. 

Methods of measurijig shutter speeds by utilising 
the motion of a revolving disc, containing a slit or 
slits, across a stationary illuminated slit, have been 
described by A. Kershaw ^ and J. de G. Hunter.^ 
The former varies the speed of rotation of the disc 
until, on looking through the aperture of a shutter, 
the stationary slit appears to have no dark portion, 
indicating that the speed of the shutter is the same 
as the period of the rotating slit. In the case of focal 
plane shutters the stationary slit is arranged per- 
pendicular to the direction of motion of the blind. 
Hunter’s method is somewhat similar, except tliat 
ho measured the length of the trace transmitted by 
the stationary and rotating slits. As the positions 
of the first and last points of the trace have to bo 
determined, a number of exposures are necessary 
at each speed, and in order to keep the trace at the 
same position an automatic releasing device is used 
so that the exposure is made when one of the slits 
in the rotating disc comes to a certain position. The 
method has the advantage that photographic records 
can ho made at the different exposures. The shutter 
speed is determined from the length of the trace and 
the speed of rotation of the disc. 

Benoist ^ has utilised the vibrations of an acety- 
lene gas flame to give equally spaced short intervals 
of time. An image of the flame is formed on the plate 
of a camera. When this is swung round during the 
exposures, a series of images is formed and the speed 
of the shutter can bo determined if the frequency of 
the vibrations of tlio flame is known. One form 
of apparatus employed in this method is as follows. 
A box is provided on one face with a small burner, 
at the extremity of which the acetylene led into the 
box is lighted. The opposite face, which is formed 
by a rubber membrane, is fixed against an opening 
arranged at a convenient height in the wall of an 
organ pipe of known frequency. When the organ 
pipe vibrates under the action of suitable bellows, 
tho flame vibrates with the same frequency. A 
somewhat simpler arrangement is to use a flame of 
acetylene emitted from the end of a pointed tube 
which is surrounded by a glass 
chimney. Such a flame “ sings ” 
and tho note can be varied by 
altering tho length of the ohimney. 

The frequency of vibration of tho 
flame can be determined by means 
of tho note. One disadvantage of 
the singing flame method is that the 
trace obtained is a discontinuous 
one, BO that the shutter speed 
can only bo determined with an 
accuracy equal to tlio time interval of one vibra- 
tion of the flame. Benoist ® also suggests tho 
employment of tho vibrations of an electric arc run 
on alternating current of known frequency. 

A method employed by tho Eastman Kodak 
200 Abney, Treatise on T'hotogvwphy, 1905, 

“ A. Kershaw, Patent No. 16.053, 1904. 

“ J. de G. Hunter, Opt. Soc. Tmm., 1900, viii. 1. 

Jj. Benoist, Brit. Journ. of Phot., 1911, Iviii. 
949. ’ 

“ L. Benoist, BicU. Soc. Fr. Phot., 1910, 390. 


Company ® consists in taking a number of photo- 
graphs of the shutter during its period of operation, 
tho time of exposure of each photograph being small 
in comparison with the rate of movement of the 
shutter. A beam of light from an arc lamp in a small 
projection lantern is reflected from a lightly mounted 
aluminium crown on which are placed 20 small 
plane mirrors hold vertically on tho face of the 
crown ; the lantern condenser focusses an image 
of the arc crater at the mirror surface. The crown 
of mirrors is rotated about a vertical axis at a speed 
of 50 revolutions per second by means of a motor 
controlled by a centrifugal governor. Tho beam of 
light is thus interrupted 1000 times per second, 
a freqiienoy which has been found moat suitable for 
general testing. The beam is limited at the condenser 
by a vertical slit 2 mm. wide, the width of tho beam 
ns it flashes by reflection past the sliutter opening 
being about 1/30 of tho distance between the flsishes ; 
thus each exposure is about 1/30000 second, ff'ho 
reflected beam falls on a simple lens behind which 
the shutter to bo tested is held, and a small camera 
lens of 00 mm. focal length forms an imago of tho 
shutter on tho rim of an aluminium wheel 12 inohes 
in diameter, around which a band of negative 
cinematograph film is fastened. This wheel is then 
rotated about a vertical axis by means of a crank and 
gearing at such a speed as to separate the different 
images of the shutter. Both tho speeds and tlie 
ofliciencies of a shutter may bo determined by this . 
method. Eor recording shutter speeds of 1/10, 1/6, 
and 1/2 second, tho image of tho shutter opening is 
restricted to a narrow band by inserting a 1 mm. 
slit in front of the box in which tho moving film is 
enclosed. In order to save counting the hundreds 
of images obtained at these speeds one of the tNventy 
mirrors may be painted black. 

A very accurate method of testing shutter 
speeds, dopendiug on the uso of tuning-forks 
and vibration ‘galvanometers, has been de- 
scribed by Campbell and Smith.’ A plan 
of the general arrangement of apparatus 
employed in a modified form of tho experi- 
ment is shown diagrammatically in Fig. 1. 
The light from a “ Pointolito ” tungsten arc 



P is reflected from tho mirror M of a vibra- 
tion galvanometer and then passes through 
two lenses ^>'Bd Ij^. A diminished point 
image of the incandescent tungsten ball is 
thus formed on the surfa'ce of a drum D which 

394^’ Jonrn. of Phot., 1010, Ixiii. 

f^ampbell and T. 8inith, Phys. Soc. Proc., 
>' Collected Jtesearches, 1010, 

^ i Trans., 1910-11, 

Xll. 1.^0, 
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can be rotated about a horizontal axis at any 
convenient speed by means of a small-power 
motor with variable gearing. The shutter 8h, 
whose speed is to be measured, is placed in the 
position where an image of the tungsten ball 
is formed by the first lens A piece of 

sensitive bromide paper is wound round the 
drum. When the vibration galvanometer, 
which is in tune with an electrically driven 


Fio. 2. 

tuning-fork of kncjwn frequency, is set in' 
action, the mirror M vibrates about a vertical 
axis, so that the point image on the surface 
of the drum is caused to vibrate in a horizontal 
plane. A wavy image is thus imprinted on the 
bromide paper when the drum is rotated. The 
number of waves formed depends on the total 
duration of exposure of the shutter and the 
frequency of the tuning-fork employed. When 
measuring the time trace which is obtained, it 
is most convenient to count the number of 
complete half-waves and estimate the end 
portions in terms of their projections on a line 
parallel to the axis of rotation of the drum. 
In order to get the greatest possible accuracy 
in determining the time intervals corresponding 
to these portions, it is necessary to remember 
that the motion of the point image is simple 
harmonic. By means of an easily calculated 
conversion table the lengths of the above- 
mentioned projections, expressed as fractions 
of the amplitude of the wave, may be obtained 
in terms of time intervals. In measuring the 
speed of a focal plane shutter a fine horizontal 
slit is mounted at the centre of the shutter and 
as near to the blind as possible ; it is placed at 
the position where an image of the tungsten 
ball is formed by the lens {Fig. 1). In the 
case of speeds where the width of the slit is 
not small compared with the width of the 
blind opening, a small correction has to be 
applied to the result obtained, if great accuracy 
is required. 

For testing speeds over the whole range 
commonly met with, it is convenient to use 
a number of tuning-forks giving, say, 60, 250, 
and 1000 vibrations per second respectively.’- 
Each of these is clootrically maintained in 

^ A vibratinp! cylindrical bar having a frc(|ueiicy 
of 1000 per second may be used. 


vibratioh and is in tune with a vibration 
galvanometer of corresponding frequency. 

The electrical circuits employed arc indicated 
diagrammatically in Fig. 2. 

The primary coil P of a transformer is connected 
tlirougli a microphone hummer ^ M to a battery B, of 
from 6 to 8 volts. The- microphone is mounted on 
or near the tuning-fork (or bar) so as to be set in 
vibration with it. The current, which is induced in 
the secondary coil S of the trans- 
former by tlic intermittent current 
in the primary circuit, passes tlvrough 
a condenser K and a coil C which 
attracts one of the prongs of the 
tuning-fork F. A tertiary coil T of 
the transformer is connected through 
a variable mutual inductance I to 
the moving coil of the vibration 
galvanometer G ; ® the amplitude of 
vibration of the galvanometer mirror 
can be varied by altering the mutual 
inductance. The field of the galvano- 
meter is maintained by the current 
from a battery B, of 100 volts, a 
lamp resistance L being included in the circuit. In 
order to get the best results the following condition 
should bo satisfied as nearly as possible : 

LKw2 = l, 

where 0 }= 2 Trn, 

L=coofiicient of self induction of the 
secondary circuit, 

K = capacity of condenser, 
and ?i=frequonoy. 

The method of maintaining tuning-forks in -vibra- 
tion by means of microphone hummers gives a good 
deal of trouble in practice. It is being superseded 



by a method which has been made possible by the 
recent development of triodo valves in connection 
with wireless telegraphy.* The method is shown in 
Fig. 3. 

’ For information re microphone bummers see 
A. Campbell, JRoy. Soc. Proc. A, 1900, Lv.wiii. 208 ; 
N.P.L. Collected ReeearclieH, il. 208. 

“ A. Campbell, Phys. Soc. Proc., 1905-7, xx. 
620 ; Phil. Mag., 1907, xiv. 494 ; N.P.L. Collected 
Researches, 1908, iv. 201. 

■> W. H. Eccles, Phys. Soc. Proc., 1910, xxxi. 209; 
■W. II. Ecclcs and F. W. .Iordan. Ele.ciricmn, 1919, 
Ixxxii. 704 ; for theory, see 8. Butterworth, Phys, 
Soc. Proc., 1920, xxxii. 345, 
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The filament F of the triode valve V is lieated by 
the battery FB. The anode A is connected through 
the anode battery AB and the coil AC to one terminal 
of the filament, and the grid G is connected to the 
filament through the coil GO. The tuning-fork T 
is permanently magnetised by an auxiliary magnet, 
on whose pole-pieces the coils AG and GC are wound, 
the poles of the fork being indicated by n and s. 
Suppose the fork to have been set in vibration, and 
consider the moment when the two prongs are moving 
away from their respective coils. The motion of the 


the slit and the tungsten ball should lie on 
the same horizontal line. If, now, the shutter 
is released while the drum is rotating, a record 
is obtained, giving at each instant a measure 
of the Icngtli of slit uncovered. Such a 
record for a sector shutter is shown diagram- 
matically in Fig. 5.^ The time trace may be 
limited to one complete revolution of the 
drum by inserting an auxiliary shutter, set 
at the necessary speed, between the lenses 



pole s will induce an E.M.F. in the coil GO which 
will raise tho potential of the grid and so increase 
the current flowing into the valve at tho anode. 
This current leaving by the filament completes its 
circuit through tho coil AC, round which it passes 
in such a direction as to repel tho pole n, and thus 
assist its motion. Tho energy necessary for keeping 
tho vibration galvanomotor in action may bo tapped 
off from a coil placed near AC. 

§ (3) Measurement oe Eeeiciency. — In 
addition to the determination of speed it is 
sometimes necessary to measure tho efficiency 
of a shutter at its different speeds. The 
method employed in the case of sector shutters 
is shown in Fig. 4 A time trace is formed 


and Lg; tho two shutters can then be released 
at practically the same instant. A series of 
measurements of tho area of tho shutter 
aperture, correspoirdmg to different lengths of 
tho slit opening, is then made by projecting 
an image of the former on to a piece of 
sensitive bromide paper, a fine thread being 
stretched across the shutter at the position 
occupied by tho slit. Such a series of images 
is illustrated in Fig. 6, the white line in eaclr 
case representing tho position of the thread. 
From records like those shown in Figs. 5 
and 6 a curve is constructed, giving at each 
instant of tho exposures the area of tho 
shutter aperture through which light passes. 



on sensitive bromide paper, wound round a 
rotating drum D, by means of a system of 
lenses Lj and Lg, as in the case of the speed 
test. In addition a horizontal slit S is placed 
in a diametral plane of the shutter Sh and 
as close to the shutter leaves as possible. 
This slit is illuminated by light from the 
same “ Pointohte ” lamp P as is used for the 
time trace, a cylindrical lens Lj being employed 
to give a drawn-out imago of the tungsten 
ball. An image of the sUt is formed on the 
surface of the drum by means of a lens L4 ; 
it is advisable to arrange that the images of 


Now, if total duration of exposure, 

T= equivalent exposure, 
a=:aroa of shutter aperture at time i, 
and A == maximum area of shutter opening, 

it foEows that 

AT= f adt. 


Thus tho efficiency = — ~ " A" ' 

‘ It is sometimes preferable to form tbo time 
trace across tho centre of tho efficiency record. 
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The value of the numerator is obtained by 
measuring the area bounded by the . above- 
mentioned curve and the time axis. Hence 
the efficiency may bo determined. 

The efficiency of a focal plane shutter may 
be obtained theoroticallv from a consideration 



..'it -'4— -jo 


per second, T= 1/1000 sec. corresponds to 
T= 7/2000 sec. Thus the nominal superior- 
ity of the focal plane shutter for high speed 
work is largely one of nomenclature, and the 
difference between such shutters and good 
between lens shutters is less than the figures 
would indicate. 

The method of measuring the efficiencies of 
sector shutters has been employed by the 
writer for obtaining information with regard 
to the motion of the blind in focal plane 
shutters. The shutter to be tested is mounted 
at Sh [Fig. 4) in such a way that the length 
of the blind opening is at right angles to the 
length of the slit S. When the shutter is 
released, two traces are obtained on a piece 
of sensitive bromide paper wound roupd the 
drum D. Fig. 8 represents diagrammatically 


of Fig. 7. Let L Ijo the lens and P the plate 
of a camera, B representing the roUer blind. 
Let 

width of opening in blind, 
velocity of blind, 

6— distance between blind and plate, 
/= focal length of lens, 

diameter of lens aperture. 

Then, using the same notation as before, the 
total duration of exposure r at a point 0 is 
given by 

■w + d' 


where d' is the diameter of the oeam of light 
which the lens focusses at 0, measured in the 
plane of the blind. 

But d'=j. d. 


therefore t = - — .. 

V 

On the other hand, the equivalent exposure 
T at 0 is given by 


Thus the efficiency=^ = — • 

W-hyS 

In focal plane work with moving objects the 
user is interested in t, while the maker reckons 
to give T when he does not roly on his 
imagination. 

By way of example we may take v=100 
inches per sec. (a higher value than usual), 
for T = 1/1000 sec., in which case w = ‘1 
inch. Then, if d— //4 and 5— -5 inch, r = 
9/4000 son. 

With a more usual value of v, say 50 inches 



the type of record that would be obtained, 
on unwinding and developing the paper, in 
the case of a blind moving with uniform 
acceleration. AB is the imago of the slit 
when the drum is at rest and the shutter is 
fully open ; the clear spaces represent the 
images of fine wires stretched across the slit 
at certain points for the purpose of reference. 
A number of intorosting data can be obtained 
from a study of the trace CD. Let lines be 
drawn through the points a, b, c, d, e, and / 
parallel to AB, so as to exit the time trace E 
in the points a', b', c', d', e', and Then, 
if wo neglect the finite width of the slit 
imago and also the distance of the slit from 
the shutter blind, wo obtain the following 
results : 

(i.) a' b', d d', d f' represent the times 
taken by the bimd opening to pass certain 
points such as the top, middle, and bottom 
of the plate. 

(ii.) o' d and b' f give the total times taken 
by the edges of the blind opening to traverse 
the plate. 

(iii.) The slopes of the edges of the trace CD 
at any point give measures of the velocities 
v/ith which the edges of the blind opening 
pass that point. j g_ 


Silica, as used in tlie manufacture of glass. 
See “ Glass,” § (4). 
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SILVERED MIRRORS AND SILVERING 

§ (1) Historical. — Polished silver surfaces 
have long been used as mirrors on account of 
their great reflecting power. Looldng -glasses 
made of pohshed silver were used by the 
ancients, and in more recent times similar 
surfaces were given paraboKc forma for use as 
reflectors in lighthouses. Such pohshed sur- 
faces were capable of reflecting about 00 per 
cent of the incident light, but on account of 
the rapid loss in reflective power, due to 
tarnishing, it was more common to use polished 
surfaces of speculum metal, which does not 
tarnish readily and reflects about 63 per cent 
of hght. 

The advantages of a combination of trans- 
parent glass backed by a highly reflective 
medium are so great that mirrors wore made 
by pressing mercury between glass and tin 
foil, the two metals forming an amalgam which 
adhered to the glass and in time hardened. 
This process is_ in use to-day and is fairly 
satisfactory for flat surfaces, but it requires 
considerable skill to secure a surface free from 
blemishes ; and, moreover, it is not suitable for 
surfaces with curvature. The process is often 
called “ soft silvering.” 

The chemical deposition of metallic silver 
on glass as now practised probably owes its 
origin to liebig,^ who found in 1835 that a 
brilliant deposit of metallic silver resulted 
from heating an aldehyde with an ammoniacal 
solution of nitrate of silver in a glass vessel. 

It seems, liowever, that a process of silver- 
ing glass without quicksilver was iiractised by 
Thomas Rogers of London as early as 1750, 
but no details of the method are available.’® 

Silvered glass spherical mirrors, for light- 
houses, were made by Letourneaux before 
1849, and the idea of silvering glass miiTors 
on the face for use in telescopes appears to 
have occurred to both Steinheil and Eouoault 
independently. 

Steinheil first silvered telescope mirrors in 
1856, and refers to the “ Liebig process,” 
whilst Foucault’s account, given in the Comj}tes 
Rendita of February 1857, refers to the “ Dray- 
ton process.” Drayton’s are the first British 
patents on chemically deposited silver, being 
patents 9968/1843 and 12368/1848. Drayton 
used oil of cloves and grape sugar as reducing 
agents of an ammoniacal solution of nitrate of 
silver. 

§ (2) Modern Methods. — From that time 
the records of the Patent Office show that 
there is scarcely an interval in which patents 
have not been taken out for now methods of 
chemically depositing silver on glass. Never- 
theless, all the processes so far known are 
empirical ones, and there are so many oon- 

^ Annnlen der CJiemie und Pharmacie, xcvlli. 132. 

’ JAohlhouses, Alan Stevenson, 1850, Part it. 103. 


ditions affecting the reaction tliat no hard-and- 
fast rules can be laid down. The most suc- 
cessful methods are given below. 

The Rochelle salt process, introduced by 
Cimeg in 1861 (Patent No. 619), is almost 
universally used when the work is required to 
be silvered on the back ; the “ Brashear ” 
or “Sugar” process is employed when the 
deposit is required on the face, as in tele- 
scope mirrors, and where the glass can be 
suspended face downwards in the silvering 
solution. 

In silvering largo areas of plate glass, the 
sheets are first washed with a solution of 
proto -chloride of tin and then levelled up on 
a warm table ; the silvering solution is then 
poured over the projiared glass (being retained 
in position at the edges by caifillary action) 
and allowed to stand until the dei)osit is 
sufficiently dense. Further ajiplications of 
the solution can be applied to increase the 
density if necessary. The effect of the proto- 
chloride of tin solution is to produce a darker 
and more uniform deiiosit, and at the same 
time a deposit that is more adhesive and does 
not flake off. To procure a uniform and 
adherent deposit of silver it is necessary that 
the glass surface should bo fresh. Surfaces of 
old standing, however chemically cleaned, do 
not silver well and have often to be reground 
and polished before <a satisfactory de^iosit can 
bo secured. 

Plate glass knmvn as “ silvering quality,” 
having received an extra finish, makes the 
best looldng-glassos. Sheet glass usually makes 
mirrors exhibiting a yelloAV tinge, due to sul- 
phiding from traces of sulphur acquired in the 
flattening Her ; and, moreover, the doi) 08 it on a 
fine surface is rarely as adhesive as that on a 
Avorked one. 

(i.) Rochelle Salt Method . — Two stock solu- 
tions are required — A and B. 

Solution A : Silver nitrate, 10 grams ; water, 
80 c.c. When dissolved, add ammonia very 
slowly until precipitate is nearly rodissolvod. 
Dilute to 1000 c.c. with distillled water, and 
filter. Care must be taken to avoid an excess 
of ammonia, as on this the success of the 
silvering depends. Thus, before filtering, the 
solution should exhibit a faint brown colora- 
tion. 

Solution B : Silver nitrate, 2 grams ; dis- 
solve in as little 'H'’ater as possible, and add 
1000 c.c. of boiling water. To this, whilst 
boiling, add 1-66 grams of Rochelle salt (sodium 
potassium tartrate), and continue boiling for 
twenty minutes or more until the liquid is 
nearly clear, leaving a grey precipitate. Filter 
hot. 

Equal parts of A and B are mixed, when 
silver immediately begins to deposit. Thus no 
time should bo lost in pouring it over the 
surface to be silvered. 
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In practice on a large scale the temperature 
is kept at 40° C., when a good film is deposited 
in about twenty minutes. 

(ii.) Brashear's or Sugar Method. — ^In Brash- 
ear’s process the most important thing is the 
sugar solution. This improves by keeping, a 
solution some months old being more effective 
than a new one. The composition of the 
reducing solution is as follows : 1000 c.c. 

distilled water, 100 grams loaf sugar ; dissolve, 
add 100 c.c. alcohol and 5 c.c. nitric acid. 

Solutions of 10 per cent of silver nitrate 
and of caustic potash are prepared separately, 
the latter one as wanted. A supply of ammonia 
and some very dilute ammonia are also re- 
quired, the latter in order to obtain the pale 
brown colour of the ammoniatod solution of 
silver nitrate that is necessary before adding 
the reducing agent. 

Having selected a suitable dish to contain 
the liquid, in which the mirror can be placed 
face downwards with about ^ or | in. of 
liquid underneath, find, on the basis of 1 of 
silver nitrate solution to 4 of the total required, 
the amount of silver solution needed. To this 
add ammonia till the first precipitate is dis- 
solved ; thon add one-half of this quantity of 
the potash solution (this is a variation from 
Brasliear’s formula that works well) ; and again 
add ammonia till the mixed solution is quite 
clear, taking care to put only sufficient am- 
monia for that purpose ; then add a weak 
solution of nitrate of silver till a clear bro\vn 
colour is obtained. Should this become a dark 
brown, some of the weak solution of ammonia 
■will bring it to a pale brown colour, which 
must persist. 

The mirror, pre-viously cleaned, is suspended 
in the dish in distilled water of sufficient 
amount to make up, on the addition of the 
solutions, the total liquid required ; it is lifted 
out and the prepared solution mixed with 
the distilled water and an amount of the 
reducing solution equal to about one-half that 
of the nitrate of silver solution, more or loss 
as the temperature is under or over 60° F. ; 
the mirror is then immersed, beginning by 
dipping the edges first and lowering so as to 
prevent the formation of air-bubbles under 
the glass. The solution changes from pink to 
black, and in about tliii’ty minutes sufficient 
silver is deposited.’- 

The thickness of the silver film suitable 
for telescopes has been found by Dr. Draper 
and Dr. Common to be about 0-0001 mm. 

(iii.) Alternative Methods. — An alternative 
method to that of immersion for the applica- 
tion of the silvering solutions is one of spray- 

* Further details of sllverinp: glass are to he found 
in The Observatory, No. i fi.3, 1802 ; Ast. Phy- Jour., 
1805, i. 252 : Nature. Sopt. 23, 18!)7, p. 505 ; E-imnsh 
Mechanic, Feb. 3, 1911, Nov. 10 and 24, 1010; 
Knowledge, Nov. 1914, p. 402 ; Conjoint Keport on 
Silvering by the Physical and Optical Societies, 1921. 


ing. ® This is an economical process, as the two 
solutions are mixed almost at the moment of 
application. Usually the solutions are fed 
separately along the arms of a Y-tube, uniting 
in the third arm, which is under air pressure, 
the mixture issuing as a nebulous spray. 

This method was tried, ndthoutrauch success, 
by Dr. Common in silvering large telescope 
mirrors, but in its modem application to 
searchlight mirrors silvered on the back, where 
the spraying is done much in the same way 
as paint is applied by the aerograph, and 
where the mirror can bo rotated at about 100 
revolutions per minute at the same time as it 
is sprayed, the process ^ has been quite suc- 
cessful in securing uniform films. 

Mirrors silvered on the face become tarnished 
rather quickly unless protected from the 
action of traces of sulphides in the air ; oven 
then it is frequently necessary to re-polish or 
re-silver. With mirrors silvered on the back, 
protection may be given by coating the silver 
in various ways according to the subsequent 
treatment it is expected to receive. In ordi- 
nary looking-glasses the silver is first coated 
with shellac varnish or gold size, and subse- 
quently given a backing of red oxide of iron 
paint. Other backings, containing bitumen or 
gutta-percha, are also used. With such pro- 
tections the silver remains good almost in- 
. definitely, defects only appearing through 
action of the glass on the silver, impurities 
left before silvering, or on exposure to the air 
by fracture of the backing. 

§ (3) -Elkctrioal Dhposition. (i.) Search- 
light Mirrors. — Searchlight mirrors have metal- 
lic baoldngs to protect the silver. First a 
coating of copi)or is deposited olectrolytically 
on the silver, and frequently this receives a 
further backing of electro - deposited lead, 
which may be of sufficient thickness to form 
a support for the mirror in case of fracture. 
Such a series of layers, glass, silver, copper, 
and lead, is, on acconn’t of differences in 
coefficients of expansion, attended 'with dis- 
advantages if suddenly heated, for the metallic 
backings expand beyond the elasticity limits 
of the glass and tear the silver from the glass 
surface, causing “ blisters ” to appear in the 
silver film. In some cases the silver adheres 
to the glass so intimately that a surface layer 
of the glass itself is tom away, producing a 
frosted appearance. 

(ii.) Metallic Mirrors. — Advantage has been 
taken of the difference in the coefficients of 
expansion of metals and glass to produce 
metallic mirrors by electro-deposition.* 

A glass surface accurately worked to the 
figure required receives a deposit of silver ; this 

” Patonr. 9977/1808, Barnes and anotlicr. 

“ Patent 127310/UU7, Barnes. 

* Patents 22730/1801, Lake, and 6000/1869, 
Co-wpor-Colos, 12006/1907, Cowper-Colcs. 
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is then used as the cathode, and by electro- 
deposition of the required metal the mirror 
is built up to the necessary thickness. The 
whole is then subject to a sudden temperature 
ehange and the metal part sprung from the 
glass. 

Silver cannot bo electro-deposited on glass, 
except by first roughing the glass and pre- 
paring it with plumbago or making it 
conductive by other processes, e.g. burn- 
ing gold or other metal into its surface 
and then using the prepared surface as tlio 
cathode. 

(iii.) Cathode Rays. — A more recent applica- 
tion of the deposition of silver by electric 
means is by the use of cathode rays. In 
vacuum tubes provided witii electrodes — e.g. 
X-ray tubes — prolonged discharge produces a 
blackening of the tube due to the deposit of 
a metallic film on the interior walls. In a 
similar way small glass surfaces have been 
coated with silver by this method of cathodic 
deposition or cathodic sputtering. The body 
to be coated is placed just oirtside the dark 
space surroundirag the cathode and is con- 
nected to the anode. The cathode is disc- 
shaped or formed of a brush of fine wires, and 
the tube is hydrogen fiUed at a pressure less 
than OT mm. mercury. Almost any metal is 
readily deposited on glass by this method of 
sputtering, and almost any degree of opaque- 
ness can be secured. 

(iv.) Thermal Deposition. — Thermal deposi- 
tion of silver is practised by heating the metal 
in a small electric furnace in an exhausted 
vessel. The receiving surface is kept cool 
and brought close to the heated metal, when, 
as volatilisation takes place, it receives a 
deposit of the metal. 

Mention should also be made of the method 
of spra3dng surfaces with silver. The surface 
to bo coated is placed below an oxy-acetyleno 
flame, into which is inserted silver wire. The 
glass travels to and fro under the wire or vice 
versa, and the force of the jet carries the 
volatilised metal on to the surface, where it 
condensos.’^ 

§ (4) Dental Applioation. — One of the 
latest applications of silvering is in dentistry. 
Infected dental tissue is sterilised by treating 
with an ammoniacal solution of silver nitrate, 
wliich it readily absorbs. Healthy tissue is 
unaffected. The infected area is then isolated 
by a further application of formaUn, which 
reduces the silver solution and deposits metallic 
silver. This fills up minute cavities, inaccessible 
by other means, and thus prevents further 
infection. 

§ (5) Half-silvered Mirrors. — “ Half- 
silvered” glass mirrors having a thin film of 

* For fuller particulars sec “ Electrical and 
Thermal Disintegration of Metals/’ The Chemical 
World, ii. 149 el seg. 


deposited silver have been applied to many 
kinds of optical instruments. Usually the 
film of silver is of such a density that half of 
the incident light is reflected and half trans- 
mitted. Such an arrangement is found in the 
Michelson interferometer ® and also in a form 
of binocular microscope, where the light, after 
passing through the objective, falls on a half- 
silvered surface, the reflected and transmitted 
beams then being directed to the right and 
left eye respectively. Another application of 
the “ half-silvei’ed ” surface is made in some 
forms of collimating gun-sights,® whore the 
lino of sight passes through the film to the 
target, whilst at the same time the eye sees, 
in the same optical direction, the reflection of 
a fiducial point contained in an attached 
collimator. 

§ (0) Misgellaneous Applioations. — To 
prevent loss of light in certain optical instru- 
ments it is often necessary to silver glass faces, 
as in prisma on which the light is incident at 
loss than the critical angle ; of these may be 
cited the end reflectors or pentagonal prisma, 
also the compound central prisms in use in 
many rangefinders. 

A deposit of silver acting as an opaque 
screen has been made use of in the Abbe test 
plate, where a silver film on glass is ruled in 
such a manner as entirely to remove the metal 
along the rulings. The result, when seen under 
the microscope, is a coarse grating, with alter- 
nating opaque and transjoarent bars suitable 
for testing microscope objectives. 

Next to the use of deposited silver for 
looking - glasses, probably the greatest com- 
mercial aj)plication is the silvering of the 
interior walls of vacuum flasks in order 
further to diminish the rate at which radiation 
occurs. 

Glass and quartz fibres are silvered not for 
use as reflecting surfaces but to make them 
electrically conductive. In the Einthovon 
string galvanometer a silvered glass or quartz 
fibre is stretched in a strong magnetic field, 
the silvered fibre acting as a conductor and 
forming the moving system of the instru- 
ment. 

§ (7) Amount of Rbfleotion. — Stoinheil, 
as long ago as 1867, found that freshly 
deposited silver reflected 91 per cent of the 
incident light at 46° incidence and reflection. 
More recently Hagen and Rubens have 
determined the coefficient of reflection for 
perpendicular incidence and reflection all 
along the spectrum, from X140000 in the 
infra-red to X2500 in the ultra-violet, and find 

° Smithsonian Contributions to Knowledge, No. 842, 
1892, p. 8 (footnote). 

“ “ ColllmatinR Tclcscopo Gun-sights,” Sir TTowarcl 
Qrubl), Transactions Roy. Dublin Son., March 20, 
1001 . 

" Ann. (Ur Phijs., 1000, i. 352, 1902, vill. 1, 
1903, xl. 873. 
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that a face - silvered mirror reflects almost 
equally well all rays in the visible siDCctrum, 
the coefficients at X7000 and \4000 being 
95 per cent and 85 per cent respectively. 
For values of reflectivity at varying angles of 
incidence see “ Reflecting Power of Mirrors ” 
by C. A. Chant. ^ 

In the infra-red the coefficient of reflection 
rises to a steady 9S per cent, but there is a 
rapid falling off in the ultra-violet, where it 
diminishes to 4 per cent at X31G0, but rises 
to 34 per cent at X2510. The trend of the 
curve, according to Hagen and Rubens, is 
upwards at this point, though Minor ^ 
finds a decreasing reflecting power beyond 
X2500. 

In consequence of this transmission of ultra- 
violet rays, silver reflectors are inadmissible 
in spectrographs and other instruments used 
for investigating the Schumann and extreme 
region of the ultra-violet. 

Advantage has, however, been taken of this 
transmission band to use the silver deposit 
as a light filter for taldng photograijhs in the 
almost monochromatic light around X3000. 
(See “ The Moon in Ultra-violet light,” ® and 
“ Nickelled Glass Reflectors for Celestial 
Photography,” ^ by R. W. Wood.) 

When wo come to the reflectivity of glass 
mirrors silvered on the back — e.g. searchlight 
mirrors — there is a slight loss duo to absorption 
and internal reflection in the glass. Measure- 
ments of the moan coefficient of reflection 
made at the N.P. L. in 1918 give a mean value 
of 88 per cent, whilst one of ten specimens 
attained the high figure of 94 per cent. The 
claim for the superiority of the gilded mirror 
over that of a silvered one has now been 
alrandoned. The mean reflectivity of two such 
mirrors is about 70 per cent and 86 per cent 
respectively, but there are conditions of land- 
scape which, under illumination from a gilded 
mirror, give greater contrast than when 
illuminated by a searchlight with a silvered 
mirror, owing to diminished reflection of the 
green rays by the gilded mirror. The same 
contrast effect, however, can be produced 
with the silvered mirror by making the 
observations through suitable light filters. 

§ (8) Rbitleotion ojt Polamsed Light. 
— The phase change, when light is reflected in 
glass from a silver surface, depends upon the 
thickness of the silver, but for a thick film 
it appears to be three-quarters of a wave- 
length retardation.® 

Circularly polarised light is changed to 
elliptically polarised by reflection from silver 
surfaces. Details of the change in position 
of the axis of the ellipse due to changes of 

' AM . Pfijj . Jour ., 1005, xxi. 211. 

“ Ann . dcr Phys ., 1003, x. 021. 

” Mont . Not . B .. A . S ., 1010, Ixx. 220. 

■* Ast . Phy . Jour ., 1011, xxxiv. 404. 

' Nature (Bclser and Stansfleld), 1897, Ivi. 605. 


incidence are given in a “ Note on the Polaris- 
ing Effect of Coelostat Mirrors.” ® g 


Simmance-Abady Flicker Photometer. See 
“ Photometry and Illumination,” § (98). 
Sine Condition : a relationship which must 
be fulfilled for rays passing through different 
zones of an optical system in order that the 
defect known as coma may be eliminated. 
See “ Microscope, Optics of the,” § (12) ; 
also “Telescope,” § (3), and “Optical 
Calculations.” 

SiNOLE-RAY Velocity, Axis of: a direction 
in a biaxial crystal in which a ray undergoes 
no double refraction ; also known as a 
secondary ojitic axis. See “ Polaiiscd Light 
and its Applications,” § (7) (ii.). 

Siren : a device for producing, a musical 
note of given frequency, in which a disc, 
with a circle of holes in it, spins so that the 
holes are alternately opened and closed by 
passing a similar set of holes in a fixed plate, 
an air-blast giving the sound ; this provides 
a suitable method for evaluating the fre- 
quency of an organ-pipe. See “ Sound,” 
§ (53) (ix.). 

“ Smashing ” Point of a Lamp. See “ Photo- 
metry and Illumination,” § (78). 

Sodium Oxide, Use of, in Glass Manufac- 
ture. See “ Glass,” § (5) (i.). 

Solids, Specific Heats of, application of 
quantum theory to. See “ Quantum 
Theory,” § (5) ; also “ Calorimetry, Quantum 
Theory,” Vol. I. 

Soprano, Eb : a brass wind-instrument of 
high comiiass. See “ Sound,” § (44), 

SOUND 

I. Pitch, Scales, and Temperament 

§ (I) Pitch and Frequency. — As the keys 
of a piano are struck in order from left to 
right, the various notes of tho instrument 
are hoard, and wo pass, by a gradual transition, 
from the deep tones of tlie bass to tho shriller 
tones of tho treble. Tho sounds successively 
hoard are said to bo higher and higher in ‘ pitch , 
and pitch is that property of tho note which 
determines its position in this musical range. 
It is found to depend solely on tho number of 
vibrations per second occurring in that sound. 
This number of vibrations per second, or 
frequency , is accordingly adopted as a precise 
physical measure of the pitch. Musically, 
the pitch of a sound is denoted conventionally 
on tho staff notation by the place of a certain 
symbol on a staff consisting of five horizontal 
lines and their associated spaces. The place 
of any staff among tho pitches it is wished to 
' Hst. Phy . Jour ., 1009, xxix 300. 
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denote is expressed by the clef at its commence- 
ment. Each such sound (jr note is called by 
one of the following letters, C, D, E, E, G, A, B. 
Further niceties are then expressed by the 
presence of a sharp (Jf) or flat (b), denoting a 
certain sharpening or flattening of that pitch 
indicated by the given position on the staff 
or its corresponding letter.^ 



CDEFGABI'JBk 


§ (2) Interval. — Wlion the above letters 
are used up the next musical sound to the 
right (higher in pitch) is called C again, some- 
times distinguished by an accent (O') to show 
that it occupies a higher place on the staff 
and in the sequence of possible notes. The 
frequency of tliis C", when recognised by the 
musical ear as sustaining the true octave 
relation to C, may be shown experimentally 
to be just double that of C. Further, any 
two sounds, for wliich the ratio of their fre- 
quencies equals two, are found to have the 
same musical relation. They are accordingly 
said to be an octave apart. Or, in other 
words, the interval between them is said to 
be an octavo. Similarly, with any other pairs 
of sounds which are recognised as sustaining 
some one definite musical relation, the ratio 
of their frequencies is a constant characteristic 
of and invariably associated with that relation 
and that only. Thus, the interval or range 
between any two musical sounds may bo 
measured physically by the ratio of their 
frequencies, or by some other method closely 
linked with and dependent on this ratio. It 
thus follows that a lorge interval is measured 
by a ratio which is the product of those ratios 
which measure the small intervals of which 
the largo one is comyiosod, For, if throe notes 
have frequencies in the relation 2, 3, and 4, 
the ratios of the small intervals are 3 : 2 and 
4 : 3, while that of the wliole or extreme 
interval is 4:2; and this is obviously the 
product of the other two. But this multipli- 
cation of ratios of component intervals to 
obtain that of the larger is sometimes incon- 
venient. For example, it does not lend itself 
to plotting intervals to scale, on a diagram, 
where the measure of the extreme interval 
must be the sum of those of the component 
intervals. To meet this need we take the 
logarithms of the ratios instead of the ratios 
themselves. Then, in the above numerical 
case, we have 

log 8/2-l-log 4/8 = (log S-log 2)-l-(l0g 4-log 8) = log 4/2. 

That is, the logarithms add whore the ratios 
multiply. 

Musically, the intervals between pairs of 

^ For ])rocliiotion of sounds of variou.s desired 
pitches see section “ Sound Producers.” 


notes are expressed by such terms as second, 
third, fourth, fifth, etc., corresponding to CD, 
CE, OF, CG, etc. To these terms various 
prefixes are used, suclr as major, minor, dimin- 
ished, etc., to indicate the varieties possible 
in certain intervals though named by the same 
ordinal number. An alternative method for 
naming small intervals is the use of the terms 
tone (or whole tone) and semitone. Thus, the 
intervals CD, DE are tones, while EF is 
a semitone. It must not be taken to follow 
that CD is always exactly equal to DE, nor 
that EF is precisely the half of either of the 
above. The intervals EF, BC, ABp are 
called diatonic semitones ; the intervals GCjJ, 
FF#, BBh being called chromatic semitones. 

§ (3) Scales. — A scale is a series of notes 
yiroceeding up or down at certain specified 
intervals. These usually consist of tones and 
semitones, or of semitones only. Thus the 
following are examples of scales : (1) C,’ D, E, 
F, G, A, B, C ; (2) C, D, Eb, F, G, A, B, C ; 
(3) C, C», D, DjJ, E, F, Fit, G, Gjt, A, Bh, B, C. 
The fi.rst and second are diatonic scales, i.e. 
they include tones in their intervals. The 
third is a chromatic scale, i.e. it is coloured or 
affected by using notes not belonging to the 
diatonic scale. Further all the above arc 
scales of 0 since they begin and finish on C, 
called the keynote of the scale, and have the 
notes appropriate to that scale. In the 
chromatic scale (3) all the intervals are called 
semitones (though not necessarily all equal). 
In tlie diatonic scales, (1) and (2), the intervals 
are either tones or semitones, but the order 
of their occurrence differs in the two scales. 
Thus in the first the order of intervals is : 
tone, tone, semitone, tone, tone, tone, semitone; 
while in the second wo have as the order : 
tone, semitone, tone, tone, tone, tone, semi- 
tone. In the former case, the third from the 
keynote, CE, is called a major third and the 
scale a major scale. In the latter case, the 
third from the keynote, CE'£>, is called a minor 
third and the scale a minor scale. These two 
forms of the diatonic scale are often referred 
to as the major and minor modes. The minor 
scale (2) is the ascending form of the melodic 
minor. The descending form would have 
Bb and Ab instead of B and A. There is also 
the harmonic minor which has the same notes 
in descending and ascending, viz. : C, D, Eb, 
F, G, Ab, B, C. Its intervals in ascending 
sequence are, therefore, tone, semitone, tone, 
tone, semitone, tone and half, semitone. 

§ (4) Modulation. — Suppose that a piece 
of music began with the notes shown in scale 
(1) above and after a time the F was always 
replaced by Fj{. It may then be found that 
the sequence of inteivals is changed so that 
the scale in use is really that of G. For, on 
passing up from G, we have : tone, tone, semi- 
tone, tone, tone, tone, semitone ; and this 
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seq^uence is characteristic of the major dia- 
tonic scale. The piece of muaio is then said 
to have changed in key from C to G. If, on 
the other hand, when originally in the key 
of C major, after a time the E should be always 
replaced by Eb, the music will then have 
changed from the major to the minor mode, 
the key now being C minor. Such changes, 
either of key or mode, are called modulations. 

§ (5) Intonation and Tempkeament. — By 
intonation is meant any precisely specified 
system of tuning the intervals in the various 
scales. A temperament is an intonation 
which, for the sake of simplicity, deliberately 
sacrifices some desirable exactness. The ques- 
tion naturally arises as to why this should 
become necessary. Let us examine this point 
carefully, having in view a keyboard instru- 
ment with notes of fixed pitches. An ideal 
intonation would secure three signal advan- 
tages, namely : (1) pure concords ; (2) free 
modulation ; (3) practical convenience. The 
first is needed to express truly tho intentions 
of the composer and to satisfy critical ears, 
at any rate in slow music. Tho second is 
needed to enable tho singcra or players to 
take a piece in any desirable key and to allow 
of any unrestricted changes of key or mode 
which may occur within the piece itself. 
Tho third advantage is usually construed as 
being a hmitation to twelve notes to tho octave, 
though a few more may bo allowable if arranged 
with studied simplicity. It must be remem- 
bered that the limitation of tho number of 
notes in the octave is desirable for various 
reasons. Thus, if too great intricacy is entered 
upon, there is difficulty not only in tuning and 
retuning, but in playing and also in writing 
and reading the music. 

Is there any inherent difficulty in simul- 
taneously satisfying the above throe require- 
ments ? To answer that we must find what 
they severally involve. 

It is found by experiment that pure con- 
cords necessitate simple ratios of frequencies ; 
that is, ratios expressible by small whole 
numbers. This has led to what is called just 
intonation, in which tho frequencies of tho 
notes are as follows. Any departure from 
these precise relations impairs the purity of 
tho concords. 

frS^cncTes}^-^ 80 82 30 40 45-48 

Notes 0 1) E P G A B O' 

mSos } 

In estimating the intervals by their ratios, 
that of the higher note to the lower is taken. 
Tho logarithms of these throe sizes of intervals 
(which may be called the large tone, small tone, 
and semitone) are respectively 0-0511525, 
0-0457575, and 0-0280287. Or' if we take 


numbers of four figures proportional to th( 
logarithms, wo have for the relative sizes o; 
the three intervals of the just scale 5115 
4576, and 2803. Now, if we repeated these 
intervals throughout the scale as given above, 
wo should have the large tone occurring 
three times, tlio small tone twice, and the 
semitone tvdee. Tliis would give by additior 
a total number 30,103, to roiircsent the interva 
of tho whole octave from C to C'. Hence, il 
tho notes in tho scale which give concords 
with C are to occur at certain of tho natural 
equal steps in a ladder throughout the octave, 
such a ladder would need over thirty thousand 
stops. And yet this, as we have seen, would 
bo only an ap^iroximation to absolute truth. 

But, for free modulation, wo need to be 
able from any note to proceed by any interval 
of tho scale. Further, all possible modulations 
must bo linked up so that sharpened notes 
at some point or other coalesce with other 
flattened notes. Hence, for exactness, every 
stop in the 30,103 would have to be provided, 
for no smaller numbers oxj)ress the same ratios. 

Thus, in bho inevitable nature of things, the 
intonation which satisfies the first and second 
requirements fails utterly at the third require- 
ment of practical convenience. Or we might 
equally say that wliat satisfies the first when 
limited to twelve notes in tho octave, fails 
uttei'ly to comply with the second. 

Another and more practical way of regarding 
tho matter is from the point of view of tho 
violinist or violoncello player. Let two such 
j)layers tune a certain string of each instru- 
ment to unison, and let one player sound 
that Vholo string while the other plays upon 
such a pemtion of that string as to give pure 
concords with tho other. Thus, one might 
hold tho keynote of a scale while tho other in 
turn sounds tho other notes of tho scale. Let 
tho exact stops (or positions of finger) on tho 
string be marked. Then it would be found 
that they do not fall in with any simple sub- 
division of tho octave into any small number 
of stops corresponding to equal intervals. 
Such equal intervals would bo obtained on 
shortening tho string by tho same fraction of 
its then sotmding length when proceeding to 
each now stop. Hero lies the root difficulty of 
tho whole problem. And it is impossible to 
remove it. We can but bow to it and do the 
best that is possible under the circumstances. 

Yet another way of emphasising the diffi- 
culty and illustrating its inevitableness is as 
follows : Pass up from a given note, say 100 
per second, in throe ways, namely, by octavos, 
by fifths, and by major thirds. Then we obtain 
the following three series : 

By octavos . . 100, 200, 400, 800, 1600, oto. 

By fifths . . 100, 160, 226, 337^, etc. 

By major thirds . 100, 126, 166^, oto. 
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This at once shows that, in just intonation, 
no number of ascents by fifths or by major 
thirds will over equal any other number of 
ascents by octaves, for the last immediately 
brings us to even hundreds, while the former 
two lead to odd numbers and fractions. In 
other words, the numbers concerned in these 
ratios (2, 3, and 5) are prittie to one another. 

It is therefore clear that every practical 
solution (jf the problem must bo a compromise, 
some desirable exactness of concord being 
sacrificed for the sake of simplicity and con- 
venience. And the way to find such practical 
solutions or temperaments is to seek sojnc 
smaller number of steps in the octave such 
that certain exact numbers of them will give 
for each note of the scale a tolerable approxi- 
mation to the concord sought. In all such 
oases the octavo relation must be retained 
inviolate : for it is more sensitive to mistuning 
than any other interval (except the unison). 

§ (6) Tiiiii Ciuifiir Temperambnts. — Such a 
system as described above is called a tempera- 
ment, because in it certain intervals arc 
purposely tempered or made to lose some 
accuracy of tuning in order to meet the 
requirements of practical convenience and 
allow of free modulation with fewer notes. 

The only toinperaments that have enjoyed 
any great vogue hitherto are the mean-tone and 
the equal temperament. But it seems desirable 
to notice briefly two others, viz. Bosanquot’s 
Cycle of Ififty-threo and Woolho use’s Cycle 
of Nineteen, as the comparison of the four 
places the whole subject in a clearer light. 

(i.) Bosanquei'a Cycle of Fifty-three . — This 
temperament is as near an approach to just 
intonation as could bo demanded from any 
instrument with fixed keys. It retains a 
diatonic semitone exceeding the half of a tone, 
and oven distinguishes between the large and 
small tones of the diatonic scale. As its 
name implies, it divides the octave into 63 
equal parts or steps. It allots 9 of them to 
the large tone, 8 to the small tone, and 6 to 
tho diatonic semitone. Its departures from 
tho just intonation do not roach the hundredth 
of a tone, hence all the concords may be 
regarded as true. , Its great fault lies here, 
two new notes are needed for each change of 
key to the next sharp or flat remove. This 
is due to the retention of the large and small 
tones (9 steps and 8 stejis). Now from 0 to D 
tho interval must bo 9 steps for tho key of C, 
but from G to A (for the key of 0) the interval 
must be 8 steps. Thus, when passing to the 
key of G, we require 9 steps from G to A (in 
order to reproduce here tho old interval 0 to 
D, between the keynote of a scale and its 
second note). Hence the first sharp remove 
from 0 to G involves a slightly -sharpened A as 
well as the usual F#. Hence the first step 
towards simplicity is to drop tho distinction 


between large and small tones as in the 
temperament to be noticed next. 

(ii.) Mea7i-tone . — The mean-to7ie, as its name 
impUes, uses one size of tone only, but makes 
it the mean of the large and small tones 
required by the just intonation. Thus, the 
interval 0 to E is made quite true on the 
mean-tone temperament, but is divided into 
two equal mean-tones. This puts the fifths 
(and fourths) slightly out of tune. For, as 
we have already seen, just major tlurds never 
repeat so as to build up any number of just 
fifths. Also, since the fourth is the difference 
of an octave and a fifth, it is disturbed also. 
Still the harmony of the mean-tone was found 
to be wonderfully good and was preserved 
on organs for many years. It presented the 
signal advantage that only one new note was 
needed for each remove. The objection that 
drove it out of use was the fact that it still 
required so many notes to the octave for free 
modulation into anv and every key. This 
was due to the retention of a diatonic semi- 
tone about three-fifths of the tone. Thus, a 
sharpened note really differed from that 
derived by flattening the note above. Hence 
to hear the mean-tone properly all these 
separate sharps and flats must be provided. 
But this was never done, its necessity being 
apparently only imperfectly understood. To 
realise the number of notes needed to render 
the mean-tone, we may note that Huygens’s 
Cycle of Thirty-one is practically in agreement 
with it. Thus 31 notes to the octave are 
needed to give free modulation in the mean- 
tone, or in what is practically equivalent to 
it. This cycle allots 5 steps to each tone and 
3 stops to tho diatonic semitone, leaving 2 
steps for a chromatic semitone. When organs 
with only five black digitals to the octave 
were tuned to mean-tone, only five keys could 
bo played in beside the natural key of C. 
When tho attempt to play in other keys was 
insisted upon, then notes tuned as sharps 
were used when flats were really needed, or 
vice versa, and disaster followed. But thirty- 
one notes to the octave are too many to expect 
on an organ and were probably never provided. 
Hence the mean-tone has not been really 
offered along with free modulation. 

(iii.) Woolhouae's Cycle of Nineteen. — The 
next thing is obviously to reduce the number of 
steps in the octave while retaining, if possible, 
the diatonic semitone greater than half a 
tone as it should be. This was done in the 
proposal of Woolhouse to divide the octave 
into 19 steps, allotting 3 steps to each tone 
and 2 steps to each diatonic semitone. The 
first question to be asked is as to the 
approximation to just intonation which this 
cycle offers as regards the thirds and fifths. 
It is found to be nearly as good as the mean- 
tone, having true minor thirds and major 
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sixths, the fifths and fourths being a little 
out of tune. It is to be specially noticed 
that the sharps and flats of tliis temperament 
differ not in name only but in tuning. Further, 
that with nineteen notes in the octave modu- 
lation is quite unrestricted. The notes are 
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S # 

Fig. 1. — Woolliouse’s Cycle of Nineteen. 

shown to scale in Fig. 1. With this cycle it 
would be possible to play in the extreme keys 
Fb, Gtf, and l)Jf beside the usual 15 keys. 
For slow sustained music it should be easy 
enough to play on a keyboard arranged to 
sound this cycle. The present black ^gitals 
could bo made with a front half {dull red, say) 


for the sharps and a back half (dull green, say) 
for the flats, then two shorter black digitals 
could be placed between E and F and between 
B and C. They would be the sharp of the 
lower note and the flat of the upper. 

(iv. ) Equal Temperament. — This familiar 
temj)erament makes the maximum sacrifice 
of harmony for the sake of free modulation 
with the minimum number of notes to the 
octave, viz. 12. The semitones, whether 
diatonic or chromatic, are just half the tones, 
hence only 12 steps are needed. This tempera- 
ment makes the intervals of the major third 
and major sixth }nuch too large, those of the 
minor third and minor sixth much too small. 
Hence the common chords in either mode 
are far from ideal. 

(v.) Comparison of Various Temperaments 
with Just Intonation. — Much of what has pre- 
ceded on the different temperaments is com- 
pactly exhibited in the accompanying Table I. 


Xamos ami 
Staps. 


Table I 

CinEF Musical Temperaments and Just Intonation 


Scalos, Intervals, Step.s, and Errors. 


Bosanquot'a 0 I'O 

9, 8, 5, 9, 8, 9, 6 0 0 

=53 steps 

Errors . . 


Huygeiiss 0 
(mean- bone 
nearly) 

5, 3, 6, 5, 5, 8 0 

= 81 stabs 












llal.hor fiat 

0 

12 










major third 



■■ 







ami llfth 

n 

17 

Woollionso’s 

0 

0 05 

l-8fl6 

2-52il 

8-474 

4-42 

5-87 

0 

True minor 
third 

12 

IS 










Second 



3, 8, 2, 8, 8, 8, 2 
= 19 steps 

0 

8 

6 

8 

11 

14 

17 

19 

betvoen 

19** 

19 









D and 'D , 



Errors 


7 

3'5b 

8-Ot 

8-0b 


7b 





Equal 

0 

1 

0 

2 C 

S‘5 

4-5 

Ci’C> 

0 

Very sharp 
major third 

12 

or 15* 

]2 










sixth, and 


2, 2, 1, 2, 2, 2, 1 
= 12 steps 

0 

2 

4 

5 

7 

9 

n 

12 

sevonth 

or 29* 

12 












Errors 


2b 

n 

If 

lb 

s# 






* Fewer notes required forgiven number of keys than might have boor 
number of notes by mvnie some are identical in pitch. 

expected. 

L’his is because in the full 
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For tlie juat intonation the numbers of 
vibrations in the same time are given for 
the various notes of tlie scale. Then beloAv 
follow the intervals up from 0 expressed to 
the nearest hundredths of the equal tempera- 
ment tones. For the four temperaments 
wliich follow, the vibrations are not given, 
but the intervals uj) from C are expressed 
both in equal tones and in the steps charac- 
teristic of the temperament in question. In 
a third lino occur the errors of the tempera- 
ment from just intonation expressed in 
hundredths of an equal tone. To give an 
idea what sort of interval this hundredth of 
a tone is, it may be noted it is that betAveen 
lengths 870 and 8G9 of a given stretched string. 
This may be realised in millimetres on a 
monochord. Again, to make clear what the 
errors of a temperament mean when expressed 
as a change of stop on an instrument of the 
violin family, take Woolhouse’s cycle and 
consider a violin string of vibrating length 
13 inches (from bridge to nut). Then, if the 
open G string be taken as the ke 5 moto of a 
scale which is to be played on that string 
alone, the lengths of vibrating parts of string 
for just intonation and for Woolhouso’s 


temperament are 

as follows : 


1 

Notes 

. 0. 

A. 

B. 

1 f • • 

. 13 

11 -66 

10-40 

Si [Woolhouso 

. . 13 

11 -06 

10-44 

Dillerences . 

. 0 

0'09 

0-04 



flat 

flat 


(As may be seen from the foregoing table 
of temperaments, violin players already depart 
more than this when adapting themselves 
to the equal temperament.) 

(vi.) Chief Intervals within an Octave . — In 
the accompanying Table II. are exliibited 
the chief intervals within an octavo. The 
first column gives the names of the intervals, 
the other four columns give their values 
classified under the various systems of tuning, 
viz. just intonation, moan-tone, Woolhouse’s 
Cycle of Nineteen, and equal temperament. 
In the column for just intonation the values of 
the intervals are expressed both in cents (or 
hundredths of the semitone of equal tempera- 
ment) and in the ratio of frequencies of the 
higher to the lower tone of the interval. 
Thus, for the major tliird, between the notes 
C and E, wo have the interval expressed as 
386 cents and also as 6:4. In the other 
columns the ratios are not given, as they would 
usually be cumbrous and of very Uttle value. 
In the column for mean-tone, after the values 
of the intervals in cents, are inserted in round 
brackets the values for Huygens’s Cycle of 
Thirty-one, which are very nearly the same. 


The reader may be here reminded that the 
various intervals in Bosanquet’s Cycle of Fifty- 
three are practically indistinguishable from 
those of just intonation ; they arc accordingly 
omitted from the table entirely. 

§ (7) Histokical Pitches. — Widely dif- 
ferent jiitches have been adopted for the 
scales at various times and places and for 
distinct musical uses. A few tyincal pitches, 
ranging over five centuries, are given in 
chronological order in the accompanying 
Table III. It will be seen from this that the 
church and chamber jiiteh began very high, 
fell, rose, and fell again. The representative 
European pite.hes remained Avith but small 
fluctuations for more than a century. The 
orchestral pitch, after remaining faii’ly steady 
for some time, rose to a climax, but a tendency 
to revert to a lower value showed itself in 
1890, and this Ioav or fiat pitch is still often 
used. The pitches are sjjccilied by the 
frequency of the note A in the treble staff 
and also by the intervals in cents above an 
imaginary lowest intch. It will bo seen from 
the column of cents that the whole range of 
church jntohos in use covers seven semitones of 
the equal tempered scale 1 The old. European 
pitches, on tho other liand, vaiied less than a 


C. 

D. 

E. 

n. 

(}. 

9-76 

8-07 

7-80 

C-93 

0-60 iiiohea 

9-71 

8-70 

7-80 

0-99 

G-60 

0-04 

0-03 

0 

0-00 

0 

sharp 

flat 


flat 



single semitone. Tho same remark applies to 
tho modern orchestral pitches, but tho loAvest of 
those latter is above the highest of tho f(.)rmor. 


II. PiiorAaATioN OE Sound 

J (8) SouROK oiP Sound. — Sounds have their 
origin in a rapid to-and-fro motion of some 
body, solid or fluid, which is then said to 
bo in vibration. This vibrating body may 
bo the string of a harp, ])iano, or Adolin, the 
column of air in an organ-jiipe, flute, clarinet, 
or trumpet, the sldn of a drum, tho prong of a 
tuning-fork, or tho sides of a church boll. 
In any of these oases tho rapid to-and-fro 
motion thus started may sjiread by a wave- 
motion in tho atmosphere somewhat as ripples 
spread on tho surface of still water on a pond 
round tho spot whore a stone fell in. But 
though there is a general reserablanco between 
the two cases, some contrasts need to bo 
noticed. Thus, on the surface of water tho 
spreading occurs in all horizontal directions 
from the central source of disturbance. Hence 
tho ripples are circles. In the atmosphere (if 
unobstructed) the spreading is in all directions. 
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up and down as well as horizontal. In 
consequence, we have a spherical sound wave 
spreading round its central source. Again, 
in the case of ripples on water, though the 
spreading is horizontal the to-and-fro motion 
of the water is partly up and down. But, 


be referred to here. The ripples are started by 
the stone itself ; the sound waves often need the 
intervention of something else between them 
and the origin. Thus the string of a violin 
needs the bridge and belly of the instrument, 
otherwise no appreciable sound would be heard. 


Names of Intervals. 


Ellis’s cent . 


Skhisma (2 cents 
nearly) 

Comma of Didymus 
(22 cents nearly) 


Pythagorean comma 
(23 cents nearly) 

Stop or amallost inter- 
val of cycle 


Table II 

CniEE Intervals within an Octave 


Values of Intervals in various Systems. 



Just Intonation. 


1/1200 of octavo 


Excess of 8 fifths and 1 
major third over 5 
octaves = 1 -963 cents 

Excess of 4 fiftlis over 2 
octaves and 1 major 
third = 21 -600 cents 
or 81 : 80 

Excess of 12 fifths over 
7 octavos =23-40 cents 

(For Bosanquet’s oyolo 
of 63 to octave = 
22-Q415 cents) 


Chromatic semitone . 
Diatonic semitone 
Whole tone. 

Minor third 
Major third 
Fourth 

Tritone, F to B . 

Fifth .... 
Minor sixtli 
Major sixth 
Harmonic seventh 
Minor seventh 
( Fourth + fourth) 
Acute minor seventh 
(Fifth H- minor third) 
Major seventh . 
Octavo 


/Dto Djf 
he to cs 


Cents 

71 or 26 : 24) ^ 
92 or 135 : 128 f 
112 

182 or 10 : 9 \ 
204 or 9:8/ 


(For Huygens’s 
cycle of 31 to 
octavo = 38 -71 
cents) 

Cents 

7(5-1 (77-4’^) 
117-1 (llG-1) 
193-2 (193-6) 


(say) 03-16 
120-31 
189-47 


c 

to 

E'J 

310 

or 

0 

6 

310-3 (309-08) 

316-79 

c 

to 

E 

380 

or 

6 

4 

380-3 (387-1) 

•378-94 

c 

to 

E 

498 

or 

4 

3 

503-4 (603-23) 

606-20 

c 

to 

PI 

690 

or 

46 

32 

570-6 (680-04) 

608-37 

c 

to 

G 

702 

or 

3 

2 

090-0 (090-77) 

694-73 

G 

to 

Al> 

814 

or 

8 

6 

813-7 (812-90) 

767-88 

G 

to 

A 

884 

or 

6 

3 

889-7 (890-32) 

884-21 

G 

to 

’Bi 

009 

or 

7 : 

* 1 



G 

to 

B'j 

990 

or 

10; 

9 - 

1000-8 (1000-46) 

1010-63 

G 

to 

BY 

1018 

or 

0: 

5 ) 



G 

to 

B 

1088 

or 

16: 

8 

1082-9 (1083-87) 

1073-09 

G 

to 

0 

1200 

or 

2: 

1 

1200 

1200 


One hundredth 
of semitone of 
which 12= an 
octave 

Practically = 1/100 
tone 


* Numbers in ( ) refer to Huygens’s cycle of 81. 


in the case of sound in the air, while the waves 
of sound spread by advance along any and 
every straight lino from the origin, the to-and- 
fro motion of the. air at any point occurs wholly 
in the line along which the wave is there 
advancing. For this reason sound waves 
are said to he longitudinal. Thus, while the 
ripples in water show crests and troughs the 
sound waves in air have places of compression 
and rarefaction. Yet a third contrast' may 


Sounds may also advance by a wave motion 
through any other gases, through hquids (as 
the water of lakes or the open ocean), and 
through solids (as the crust of the earth itself). 
The speeds of sound in these different sub- 
stances will be different and -will also vary 
slightly with the state of each substance. 

For mathematical and physical treatment 
of these cases see E. H. Barton’s text-book 
on Sound (London, 1922); J. W. Capstick’s 
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Sound (Camb., 1913) ; or Alex. Wood’s Physical 
Basis of Music (Camb., 1913). A general 
account of the more important results is given 
in the following articles. 

§ (9) Theoretical Speeds op Sound in 
Gases. — It can be shown mathematically 


Further, in the case of sound in gases the 
elasticity in question is laiown to be its 
pressure (P) multiplied by a factor {h) greater 
than unity. This factor {Ic) is the ratio of 
the two specific heats of the gas under constant 
pressure and at constant volume respectively. 


Table III 

Typical Pitches in Chronological Order 


Date. 

Frequency of Treble A. 

Cents 

above 

Lowest. 

Place. 

Instrument or Authority. 

Cluireh 

and 

Chamber. 

European. 

Orchestral. 



370 


0 


Imaginary lowest pitch to reckon 







from 

13G1 

505 -8 



541 

Halbcrstadt 

Organ 

1611 

377 



33 

Heidelberg 

Arnold Schlick’s low pitch 

1()19 

607-3 



740 

North German 

Ghureli pitch 

1030 

503-1 



720 

Paris 

Mersonne’s chamber pitch 

1040 

467-0 



368 

Vienna 

Organ 


/ 373-7 



17 

Paris 



\ 402-9 



148 

Paris 

Spinet 

1600 



437-1 

289 

Worcester 

Cathedral organ (by Thomas and 







Renatus Harris) 

1700 

384-3 



66 

LiUo 

Old fork 

1751 


422-6 


230 

England 

Handel’s fork 

1764 


416 


199 

Dresden 

Organ 

1770 

414-4 



190 

Breslau 

Clavichord 

1788 


427-8 


261 

Windsor 

St. George’s Chapel organ (measured 







by Ellis, Fob. 1880, while still in 







mean-tone) 

1810 


430 


200 

Paris 

Pork 

1820 


422-6 


230 

Westminster 

Abbey organ 

1824 


426-8 


243 

Paris 

Opera pitch 

1828 


433-2 


273 

London 

Sir G. Smart’s own philharraonio fork 

1854 

308-7 

, , 


129 

LiUo 

Old organ 

1860 



446-8 

323 

Paris 

Opera 

1869 



437 

288 

Toulouse 

Conservatoire 



f 422-6 


230 

England 

Curwen’s “ Tonic Sol-Pa,” C==607 

1877 


1 •• 

444-0 

318 

London 

St. Paul’s Organ 



/ 430-1 


286 

London 

Pork to which organ tuned at 



1 




H.M. Theatre 

1878 


1 •• 

441-2 

305 

London 

Covont Garden Opera 



1 .. 

462-9 

360 

London 

Knoller Hall Military School (high 







pitch or old philliarmonio) Bb = 







479-3 at 00° P. 

1879 



466-3 

369 

London 

Erard’s concert pitch 

1880 



400-8 

380 

U.S.A. 

Highest Now York pitch 

1886 



462 

340 

London 

International Exhibition of Invon- 







tion and Music 

1890 



439 

297 

London 

Low pitch or new philharmonic 







Bb 406, C 622 ; all at 00° P, 


that the speed of a wave motion in any suit- 
able elastic medium is the square root of 
the quotient — elasticity concerned divided by 
density. Thus, if v is the speed of sound in 
a gas whose appropriate elasticity is E and 
density D, wo have the relation ^ 


7E 

""V Id 


)■ 


- (1) 


^ See “ Vibrations ol Air.” 


Its exact value depends upon the number of 
atoms in the molecules of the gas. It 
approaches 5/3 for a monatonic gas or vapour 
{e.g. argon or mercury vapour), it is about 
^,/2 for a gas with diatomic molecules, and is 
about 6/4 for gases with triatomie molecules. 
Thus for air k = l '408 and for steam 1 •20 nearly. 

Thus, if wo now write U for the volume of the 
gas per unit mass (this quantity being the 
reciprocal of the density), equation (1) becomes 
v=,^(/cPU). . . . (2) 
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In using these equations to obtain numerical 
values for any gas in a specified state, the units 
used must be in agreement and on some 
definite system. Thus, if the speed is required 
in centimetres per second, the pressure P 
must be in dynes ^ i)er square centimetre and 
the density D in grams joer cubic centimetre 
(or its reciprocal U in cubic centimetres per 
gram). If the speed is required in feet per 
second, the change could be effected by divid- 
ing the previous result by 30-48 (the number 
of centimetres in a foot) ; or, one might 
begin by putting the pressure in poundals ” 
per square foot and the density in lbs. per 
cubic foot and so get the result direct in feet 
per second. The ratio k is a pure number and 
has no units. It remains, therefore, the same 
whatever system of units is in use. 

Example. — To find, in cm. per second, the 
speed of sound in dry air at 0° C. at a baro- 
metric jiressure due to 76 cm. of mercuiy 
(of density 13-6), the density of the air then 
being 0-00129 gm. per c.c. and the value of 
k being 1-408. Then wo have 

V- ^(1'408 X 76 X 13-G x 981,-^0-00129) 

= 33,205 cm. jior sec. nearly. (2a) 

Effect of Moisture. — The ratio of the specific 
heats in Avator vajAour is about 1-20 and its 
density is 5/8 that of dry air at the same 
pressure and temperature. Hence ^P/D for 
water vapour has a value 1-43 times that for 
air at same pressure and temperature. The 
speed (3f sound in air is accordingly increased 
by the presence of moisture. This increase 
depends on the amount of water vapour pre- 
sent, and may amount to about two -thirds of 
a metre per second. 

§ (10) Speed aeeected by Temperature 

BUT NOT USUALLY BY PRESSURE. By Boyle’s 

law the product of pressure and constant 
volume of a given mass of gas is constant for 
temperature. Hence we see from the form of 
equation (2) that tlie speed of sound in a gas 
is constant if the temperalure be constant, vjhatever 
the presaicre may be within ordinary limits.® 
For if P increases U correspondingly decreases 
so as to ]<eep the j)roduct PU constant. But 
if the temperature rises, then the value of 
PU increases by of its value at 0° C. for 
every 1° C. rise of temperature. Thus, if v. 
is tiro speed of sound at t° 0., Vg that at 0° C., 
and (PU)o is the value of the product at 0° C., 
we may rewrite (2) in the form 

t>== = MPU)o(n-24) + ^ 3 )- (3) 


^ At the sea-lcvel in London, one gram Aveighs 
about 981 dynes. 

* At the sca-leve.l in London, one pound weighs 
about 32-2 poundals. 

“ Kocli in 1007 shoAved tliat in air at 0”, but under 
25 atmospheres pressure, the speed of sound was 
1-008 times that in air under atmospheric pressure. 


For moderate changes of temperature thi 
becomes 

Thus for sound in air, if wo take 33,200 om./sec 
for Uq, we have 

u = (33,200 -1- OH) cm. /sec. nearly. . (5 

The equivalent approximate formula in fee; 
per second is 

« = (1089 -I- 2i) ft. /sec. nearly, . (6| 

if the temiierat-oro be measured in degrees 
Centigrade, 

§ (11) Theoretical Speeds oe Sound in 
Liquids. — In the case of liquids the wave 
motion of sound is still a longitudinal one, at 
in the case of gases. The elasticity called into 
play is also, as in gases, the volume elasticity 
or bulk modulus. But it is no longer easily 
obtained from the pressure, as for gases. On 
the contrary, the elasticity for a liquid must be 
found for each case from the experiments 
on it that have been made by recognised 
Avoi'kers in this domain. Let the value of 
this elasticity be denoted by K for a given 
state of some liquid, and let M denote its 
reciprocal called the compressibility, then 
we have for the speed of sounds in the liquid 
the equation 

’’=y(B)=x/(i)-- • (’) 

where D is the density of the liquid, 

Often, in tables on tlie subject, the com- 
pressibility of liquids is given. Thus for water 
at 1-25 atmospheres pressure and 15° C. 
Amagat found the compressibility to be 
48-9 X 10 for an increase of pressure of one 
dyne per sq. cm. The density of water at 
15° C. is 0-99912 gm. per c.c. Thus the value 
of the speed of sound in it would be given by 

1012 A 

48-9xI)-99912j 

= 143,106 cm./sec. nearly. (7a) 

If the density be taken at 8° 0. as 0-9999 gm. 
per c.c. and the elasticity be supposed to 
remain practically constant, we should have 

1012 A 

48-9 X 0-9999 j 

= 143,000 cm./sec, nearly. (76) 

It may be seen that although the much greater . 
density of Avater than air tends to lessen the 
speed of sound in it, the still greater disparity 
of their elasticities overcomes that drawback. 
Thus the speed of sound in water is over 
four times that in air. 
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§ (12) Theoretical Speed op Sound in 
Solids. — Suppose first that the solid is only a 
rod, and therefore quite free to shrink later- 
ally where stretched and to bulge where 
compressed lengthwise. Then if Y denotes 
the value of Young’s modulus ^ for the 
material of the rod and D its density, we have 
the following expression for the speed of 
sound in it : 

For a solid rod, 

•••<*> 

As an example consider brass, for which 
Y = 10^^ dynes per sq. cm. and D = 8-4 gm. per 
c.c. nearly. Then 

= 345,033 cm./seo. nearly, (8a) 

or over ten times the speed in air. 

For an extended solid like the crust of the 
earth, where there is no freedom for bulging 
sideways at places compressed endwise, a 
quite different relation holds. In this case 
let K be the bulk modulus or volume elasticity 
and N the rigidity (or shajie elasticity). Then 
the expression for the speed of sound takes 
the form : 

For an extended solid, 

• ■ <») 

Suppose an extended mass of brass existed, 
and let it be required to find the speed of 
sound in it. Then, taking the value of K 
to bo 10'65 X 10^^ and N to be 3-6 x each 
in dynes per sq. cm., we obtain 

v= V{(10-G5-|-J^‘t)10ii-r8-4} 

= 427,061 cm./sec. nearly. (9a) 

It may be noticed that the value of the 
speed for the extended solid is in this case 
nearly 6/4 of that in a rod of the same material. 

§ (13) Experimental Determinations op 
Speed op Sound in Air. Paris, 1738.— The 
earliest exact determination of the speed of 
sound in the open air seems to have been made 
in 1738 by members of the Paris Academy. 
The stations used were the observatory at 
Paris, Montmartre, Pontenay-aux-Roses, and 
Montlh6ry, involving a total distance of about 
18 miles. The experiments were made at 
night by firing cannons alternately at the 
two end stations. The calculations depended 
upon seeing the flash and hearing the report 
at the other stations. Then the distance in 
question divided by the time elapsed between 
the receipts of the flash and the report gave 
the first rough value for the speed sought. 

The time required by light to cover this 

^ This is the quotient of stretcliing force per unit 
area divided by elongation per unit length. See also 
“ Vibrations of a Eod.” 


distance is justly neglected, since the speed 
of light is about 186,000 miles per second. 
The experiments were continued for some 
time under different conditions of the atmo- 
sphere as to wind, temperature, barometric 
and hygrometric states. 

The conclusions arrived at from those 
investigations may be stated as folloivs : 

(i.) The speed of sound is independent of 
air pressure. 

(ii.) It increases with the temperature of 
the air. 

(iii.) It a^ipearcd to be the same at each 
distance from the source. 

(iv.) The speed of sound with the wind is 
the sum, and against it is the difforence, of 
the speeds of sound and of the wind. 

(v.) The speed of sound in still dry air at 
0° C. (deduced by Le Roux from above experi- 
ments) is 332 metros iier second. 

Four of the above conclusions have been 
confirmed by other workers at various 
times and places and under very tliveme 
conditions. 

§ (14) Speed oe Sound in Air increases 
WITH Intensity. — The one conclusion that 
cannot be accepted to-day for ordinary 
conditions is the third. This would make it 
appear that the speed of sound is independent 
of the intensity. It might not have varied 
appreciably in the experiments in question 
so far as the stations used permitted an 
analysis of the matter. But it is now known 
that with sufficiently great intensities the 
speed is appreciably increased. This was 
shown in 1864 by Regnault at Versailles 
by experiments in the open air, two distances, 
1280 and 2445 metres, being used, and reciprocal 
firing of guns adopted. The instants of firing 
and of receipt of the sound were electrically 
recorded, and the following results wore 
obtained : 

For tha distance of 1280 metres, ?;o=-881’87 m. per sec. 
For that of 2446 metres, i)o = 880q m. per see. 

Hence by these experiments it is shown that 
nearer the gun, where the sound is more 
intense, the speed is slightly greater. This 
is in accord with theory. For when the 
sormds are sufficiently intense the tempera- 
ture in the compressions is appreciably raised, 
and the speed increased accordingly 
This increase of speed with intensity of 
the sound is well shown by the photographs 
of bullets in flight, duo to Professor 0. V. 
Boys, taken in London in 1892 (see Fig. 2). 
If a projectile moves much quicker than the 
normal speed of sound, the air in front of its 
nose is highly compressed and so heated 
until the appropriate speed of sound is that of 
the bullet. So then the bullet has in front 
of it and round its sides a shell of compressed 
air hke the breast wave round a swan when 
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advancing in still water. In each case, the 
quicker the motion of the object through the 
medium the sharper will be the advancing 
nose of the wave, further, in each case, 
the relation of the speed of the moving object 


to that of the normal waves in the medium 
can be asoortained from the geometry of the 
breast wave. 

§ (15) Exi’ERIMKNTAIi DETERMINATION OP 

Speed op Sound in Water. — The classic 
experiments on the sjieed of sound in water are 
those by Colladon and Sturm carried out in 
1826 in the Lake of Geneva. The stations 
were two boats moored at a measured distance 
apart. From one a bell liung in the lake and 
was sounded by a lever whose upper end by 
the same motion fired some gunpowder, thus 
signalling . to the other boat the instant when 
the sound started. The sound travelling 
through the water was received at the other 
boat by a funnel whoso mouth was below in 
the water and upper end apjilied to the 
observer’s ear. Tlie mean temperature was 
estimated as 8°-l C., and the speed found 
was 1435 metres per second. 

It may be noticed that the theoretical result 
calculated earlier is in fair agreement with 
this, especially when it is considered that the 
water in the open lake must be very different 
from that experimented upon in the laboratory 
for its compressibility. 

§ (16) Speed op Sound in Water increases 
WITH Intensity. — Threlfall and Adair pub- 
lished in 1889 their experiments on the 
speeds of sound-waves from exiilosions under 
water in Port Jackson harbour, Australia. 
Charges of gun-cotton were used; the fiidng 
was electrical and gave a signal on a chrono- 
graph, on wliich also was recorded the instant 


when the sound reached an india-rubbe: 
diaphragm immersed at the far station 15< 
metres or more distant. The normal speec 
for feeble sounds in the water was calculatec 
to be about 1500 metres per second; th< 
observed speed of the explosioi 
wave from 9 oz. of gun-cottor 
was 1732 m./sec., and fron 
64 oz. of gun-cotton was 201c 
ra./sec. 

§ (17) Experimental Deter, 
mination of Speed of Souni 
IN Iron. — For this purpose Biol 
used 376 cast-iron pipes rvith a 
total length exceeding 950 metres. 
A bell at one end was struck and 
its sound travelled through the 
iron walls of the pipes as well as 
through the air inside them. At 
the far end the sound through 
the iron was received first' and 
that through the air arrived at a 
measurable time, t seconds, later. 
Hence, if the total length of the 
pipes is L cm., the speed of 
sound in cast-iron it cra./sec., 
and that in the air inside the 
pipes V cm./sec., we have for 
the times of travel through air 
and through iron Ljv and L/it respectively. 
But their difference is t. Thus 

V U 

whence 

Lu 



L-vf 

The value thus found for cast-iron was about 
350,000 cm./sec. or 3500 metrcs/sec. 

§ (18) Reonault’s Determination with 
Ro'O'qh Pipes. — ^^rifis determination was the 
result of an elaborate set of experiments 
carried out with the water-pipes newly laid 
in Paris in 1862-63. A pistol, explosions, and 
musical instruments were used as sources of 
sound, the method of measuring time being 
electrical. The shot broke that part of an 
electrical circuit just in front of the pistol, 
thus causing a shift of the mark traced on a 
smoked rotating drum. This shift registered 
the start of the sound on its course along the 
air inside the pipes. The sound on reaching 
the far end of the pipe moved a very fine 
membrane. This made an electric contact 
and so completed a circuit, thus causing the 
reveraed shift of the mark on the drum. 
Side by side with this mark were (1) a set of 
dots indicating seconds given by a pendulum, 
and (2) a wavy trace duo to a tuning-fork, 
Thus the time elapsing between the start and 
arrival of the 'sound (corresponding to the 
length on the mark between the first and final 
shifts) was measured in seconds by the dots 



Pig. 2. — Hoys’a PhotoKraph of Bullot in Plight. 
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and in thousandths of a second by the wavy 
trace. Regnault tried to allow for the time 
lag of the membrane, which was greater for 
feebler- sounds. The length of the pipe 
di\dded by the correct time gave a quotient 
which represented the speed of the sound under 
the experimental conditions. The pistol was 
inserted at the beginning of the pipe, which was 
there closed by a disc, and the far end was 
closed by the membrane. Thus the sound 
could pass to and fro several times, suffering 
partial reflections at the ends. Pipes of three 
diameters were used and a number of lengths 
tested. The variations of speed with length 
and diameter are shovm in the accompanying 
graphs of Fig. 3. 

From these curves it may be seen (1) that the 
speed of sound tends to a lower limit when very 
feeble owing to the great distance traversed. 
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Fig. 3. — ^Regnault’s Speeds in Pipes. 


and (2) that this limiting speed is greater in 
■wide pipes than in narrow ones. Begnault 
considered that in the i)ipe of !•! metro 
diameter its sides were practically without 
effect. Pie therefore gave 330' 6 metres per 
second as the speed of sound in air at 0° C. 
in an infinitely wide pipe (or, by talcing the 
sound in its feeblest state, 330-3 m./sec.). 
The humidity of the air in these experiments 
on pipes was observed and corrected for. 
Rink by a special analysis of Regnault’s 
results deduced the value 330-6 m./sec. for 
the speed of sound through air in a pipe 1-1 
metre diameter. 

In other experiments Regnault failed to 
detect any difference in the speed of sound, 
although the pressure was increased to more 
than five times its first value (-viz. from 247 to 
1267 mm. of mercury). 

Violle and Vautier, in 1906, by experiments 
on pipes, found that within the range of 
frequencies from about 32 to 640 vibrations 
per second the speed of sound in air does not 
change by one-tenth per cent. 

§ (19) Blaikley’s Determination with 
Smooth Pipes. — This account of researches 
in the speed of sound through air in smooth 
brass tubes was published by D. J. Blaikley 
in 1883-84. He felt that in any open-air 


experiments the results were usually vitiated 
by uncertainties as to mean temperature 
and hygrometric state of the air over the 
range in use. Further, he noticed that in 
Regnault’s experiments with pipes the decrease 
of speed there found would, if extended to 
the diameters used in brass instruments (in 
which Blaikley was specially interested), lead 
to smaller values than those actually ex- 
perienced. Tills discrepancy is attributed to 
the roughness of Regnault’s pipes. Blaikley 
also feared that the membrane used by 
Regnault might lead him to an underestima- 
tion of the speed, and this surmise was then 
supported by special experiments. Dulong, 
in 1829, had estimated the speed of sound by 
experiments on organ-pipes specially chosen 
as giving a tone of good musical quality. To 
this Blaikley objected, because such a tone 
consists of the prime (or fundamental) ac- 
companied by a retinue of fainter overtones 
of frequencies double, treble, quadruple, etc, 
that of the prime. Now these overtones, when 
elicited aajiarately, have frequencies slightly 
different in value from the exact double, 
treble, etc, of the prime frequency. Then, 
on blowing the pipe, these naturally in- 
harmonious overtones are forced into the 
strict relation to the prime expressed by the 
ratio numbers 2, 3, 4, etc. But tliis forcing 
into tune of the overtones and their prime does 
not operate solely by changing the overtones, 
but also may slightly disturb the prime itself in 
arriving at the requisite adjustment. The 
prime tone is in consequence slightly different 
in pitch from that which, without such 
constraint, corresponds to the true speed of 
sound and the wave-length under considera- 
tion. Hence, from the length of the pipe 
and this constrained pitch a vitiated speed of 
sound would bo inferred. 

In view of the above criticisms Blaikley 
preferred to experiment -with a special form 
of pipe which resembled the glass chimney of 
an oil lamp instead of being parallel throughout 
as is an ordinary organ-pipe. That is to say, 
the pipe used has a bulb or pear - shaped 
portion in the first quarter wave-length near 
the mouth. Beyond the bulb there was a 
considerable length of parallel cylindrical 
pipe in which worked a sliding plug. This 
pipe, when blown, gave the fundamental or 
prime tone alone. Consequently its pitch 
was not disturbed by being blown into tune 
with any overtones, as these were entirely 
absent. The blast was obtained from a fan, 
the wind from which passed a regulating 
bellows. The bellows pressure was 2-5 inches 
of water column, and that in the mouth less 
than 0-1 inch of water, much under the lowest 
which Regnault had found to alter the speed. 
Both the temperature and humidity of the 
air were observed. The pitch was taken from 
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a Koenig fork of 256 vibrations per second 
and the pipes were set to give a beating 
rate of about four per second, the lengths 
being gauged by standard rods and a micro- 
meter. 

Experiments were made with smooth brass 
tubes of live sizes, the frequencies of the tones 
ranging from about 131 to 323 per second. 
The results are shown in Table IV. 

Blailcley’s values show that the diminution 
of speed is proportional to the reciprocal of 
the diameter of the pipe. They also favour 
the vieAV that it is proportional to the reciprocal 
of the square root of the frequency of the tone 
sounded in the pipe. 

Blaikley applied to the above mean values 


obtained in Paris (a) in the open air and (b) ! 
deduced from pii)cs. 

§ (20) Hjsbb’s TisLBmiONE Metiiod EC 
Speed op Sound. — In 1904 T\ C. Hebb mac 
a very careful determination of the speed i 
sound in air by use of parabolic reflectors an 
telephones. No pipes wore used, as they we; 
regarded as introducing complications. A 
long-distance methods were objected to c 
the following gremnds : 

(a) Very loud sounds must be used, c 
possibly involving a different speed near tl 
source. 

{b) It is almost impossible to correct acci 
ratoly for wind, temperature, and humidit 
over long ranges. 


Tabbb IV 


Blaikley’s Speeds op Sound eor Dry Air at 0° C. in Brass Tubes 


Diameters of Tubc.s. 


11-43 mm. 

10-06 mm. 

31-71 mm. 

62-91 mm. 

88-19 mm. 

S 42 13 


324-533 

327-00 

328-72 

329-00 

330-29 


324-234 

327-14 

328-74 

329-84 

330-40 

4:1 S S 

a u ^ 
g 0) 



320-98 

328-78 

329-84 

330-02 



320-70 

328-72 

329-70 

320-72 



327-00 

328-72 

320-96 

320-99 



320-09 

328-89 

320-80 

330-41 




320-99 

328-70 

329-63 

330-09 




326-79 

328-84 

329-60 

330-00 

g.g 



320-70 

328-84 

329-06 

330-10 



320-86 

328-83 

329-48 

330-20 

Mean speeds for each 


m./soo. 

m./soo. 

m./seo. 

m./seo. 

m./soo. 

diameter 


324-383 


328-78 

329-72 

330-134 

(Probable errors of 


mill— 

m./seo. 

m./seo. 

m./soo. 

m./soo. 

moan speeds, added 
by writer in 1921) . 

1 


±0-037 

■J: 0-013 

± 0-036 

±0-040 


(The probable errors were not given by Blaikley lilmsolf, but have been added for the present work tc 
show how accurate this investigation is and how closely it may be trusted, It the probable error be botl 
added to and taken from the mean value to whieh it applies, limits will be obtained between which the true 
value is as likely to llo as to bo outside of them.) 


of the speed for each sized pipe a modification 
of Helmholtz’s formula in order to calculate 
the speed of sound in free air. He thus 
cfeduced the mean value 

Uo = 331-676 metros per second 

as his final determination for the speed of 
sounds of feeble intensity in dry open air 
at 0” 0. (To this wo might now add a probable 
error of ± 0-04 ra./sec.) 

The corresponding value for the ratio of 
specific heats for dry air was = 1-4036. 

For purposes of application to brass instru- 
ments this investigation must bo regarded as 
the standard of appeal, since it was obtained 
by direct use of such tubes. Further, the 
speed deduced for the open air, though 
obtained indirectly, must be regarded as of 
extremely high value. It is seen to lie 
between the two values already quoted, as 


(c) The lag (or personal equation), either of i 
human operator or of some recording device 
is involved. 

In accordance with these principles a nove 
method was adopted by which it was hopec 
all the above drawbacks could bo obviated 
The experiments were carried out in a roou 
120 feet long, with a whistle as the source o: 
sound and blown so steadily as to maintaii 
its frequency to an accuracy of 1 in 6000 
This source was placed at the focus of t 
parabolic mirror made of plaster of Paris 
From the mirror proceeded a parallel bean 
of sound waves along the room to a seconc 
similar mirror which converged them to ife 
focus. At the source of sound was a telephon( 
transmitter connected to a battery, and ti 
one of two primaries of a special inductior 
coil. At the focus of the second mirror was 
another similar telephone transmitter, alsc 
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connected to a battery and to the other 'primary 
of the induction coil. The secondary of this 
induction ooil was connected to a telephone 
receiver. Suppose the whistle to be sounding 
and the mirrors to Ije such a distance apart 
that the sound heard from the telephone 
receiver is a maximum. Then the effects 
of the two primaries of the induction coil 
must be in such relation as to make their 
combination most powerful, i.e. their vibra- 
tions are in the same phase and so are mutually 
helpful. Now let the distance between the 


The length L is called the wave-length in air 
of the sound used. And it may be seen that 
it is on changing the distance between the 
mirrors by half the wave-length that we change 
the effects of the two primaries from the 
complete additive to the complete subtractive 
relation, and so change the result heard from 
maximum to minimum. Hence, by locating 
a number of successive maxima and minima 
the wave - length L was found. In this 
determination an accuracy of about one in a 
thousand was reached. 


Table V 


Spbbus OTP Sound tn Various Media 


Medium. 

Condition. 

Speed. 

Determined by. 

Oases. 


Metres per second. 


Open air .... 

Still and dry at 0° G. 

327 

Paris Academy in 1738 

99 .... 

99 99 

332 

Paris Academy and Lo Roux 

„ .... 

99 99 

331-2 

Bureau dos Longitudes, 1822 

„ over 1280 metres . 

99 99 

331-37 \ 

Begnault, 18C4, i.e. intense 

,, 2445 metros . 

99 99 

330-7 J 

sounds slightly faster 

Air in rough pipes 1-1 metre 



diameter .... 

„ „ 

330-G-330-3 

Regnault, 1802-03 

Air in smooth pipes 88 mm. 

diameter .... 
Open air (inferred) 


330- 13 \ 

331- 070 / 

Blaikley, 1883-84 

Open air (inferred) 

99 99 

331 1 

Viollo and Vautior, 1888 

Air in laboratory . 

99 99 

.331-291-0-04 

Hebb, 1904 

Dry air free from CO 2 

99 99 

331-92 + 0-05 

Thiesen, 1908 

Dry air 

„ 

330-S3 

Eaclangon, 1918 

Liquids. 




Fresh water (Lake Geneva) 
Sea water (explosions from 9 

8° 0. 

1436 

Colladon and Sturm, 1820 

oz. gun-cotton). 

Sea water (explosions from 

I 18° 0. 

1732 ^ 

Threlfall and Adair, 1889 

G4 oz. gun-cotton) . 

{ 18° 0. 

2013 J 


Sea water . 

14-5° C. 

1603-6 

Marti, 1919 

Solids. 




Brass in buUi 


4270 (say) 

(Approximate) 

Iron (wall of oast pipes) 


3600 

Biot 

Iron (in bulk) 


4300 (say) 

(Approximate) 


mirrors be changed till the sound from the 
telephone receiver is a minimum. Then the 
primaries must be just opposite in their effects 
now. If the separate effects, wliioh could 
thus be made additive or subtractive for 
different distances, were practically equal, 
then the minima effects would bo reduced 
almost to zero, and the corresponding positions 
could bo accurately observed. Let the fre- 
quency of the whistle be N per second and 
its period, or time of one comiffete vibration, 
be T second. Then, if the speed of sound in 
air is v and the distance in air passed over by 
sound in one period is L cm., we may write 

XTT 

^ = ^=NL. 


The determination of the pitch of the whistle 
was made by tuning it in unison with a fork 
which was itself compared with a 512 fork 
by wavy traces on a smoked disc. The 612 
fork was compared in the same way with a 
pendulum, and then the pendulum with a. 
clock. 

Thus knowing L and N, their product gave 
V the speed of sound sought. The final 
determination for the speed of sound in dry 
air at 0° C. was 

Do = 331 ‘29 metres iier second, 

■with a probable error of + 6‘64: m./sec. 

§ (21) Speeds of Sound in Various 
Media. — The foregoing, together ivith other 
determinations of the speeds of sound in 
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various media, are collected in the accompany- 
ing Table V. for ready reference. 

§ (22) Architectural Acoustics, (i.) 
Sabine's Work. — It is well known that some 
churches, halls, theatres, or other buildings 
are acoustically unsatisfactory. They prove 
trying to the speakers or musical performers, 
to the audience, or to both. Others are good 
for speech hut bad for music, or vice versa, 
while yet others may bo acceptable for both 
speech and music. The princiiiloa and i>rob- 
lems underlying the successful design or 
remedial treatment of any auditorium to 
be used for a specific purpose for long ; 
failed to receive the attention which, from 
the importance of the subject, they de- 
served ; but considerable progress in this 
direction has been made during the present 
century. 

The sounds uttered by a speaker or musical 
instrument reach the auditor somewhat en- 
feebled by the distance passed over, but have, 
on the other hand, various echoes, reverbera- 
tions or distortions added to them by the floor, 
walls, coiling, furniture, and occupants of the 
room. Thus two questiona accordingly present 
themselves for quantitative treatment : (a) 

What, if any, onfeoblomont or additions are 
desirable in the case of speech, song, and 
instrumental music ? (6) How may these 

desired effects be realised with approximately 
quantitative accuracy ? The subject has 
been investigated along both those lines by 
the late W. C. Sabine, who states : ^ “In order 
that hearing may be good in any auditorium 
it is necessary that the sound should be 
sufficiently loud ; that the simultaneous com- 
ponents of a complex sound should maintain 
their relative intensities, and that the successive 
sounds in rapidly moving articulation, either 
of speech or of music, should be char and 
distinct, free from each other and from 
extraneous noises.” These throe are the 
necessary and sufficient conditions for good 
hearing. Scientifically, the problem involves 
the absence (a) of prejudicial enfeebhment, 

(b) of distortion of quality of sounds, and 

(c) of too prolonged reverberation. From the 
constructive point of view the problem 
involves the size and shape of the auditorium 
and the nature of the materials (including 
the audience itself) whose surfaces are exposed 
to the sounds. 

{Ibid.) “Sound, being energy, once pro- 
duced in a confined space, will continue until 
it is either transmitted by the boundary 
walls or is transformed into some other kind 
of energy, generally heat. This process of 
decay is called absorption. Thus, in the 
lecture-room of Harvard University, in which 
this investigation was begun, the rate of ab- 
sorption was so small that a word spoken in 
^ Soi. Abs. A, 1915, p. 194. 


an ordinary tone of voice was audible f 
5-6 seconds afterwards. During this tin 
even a very deliberate speaker would lia' 
uttered twelve or fifteen succeeding syllable 
Thus the successive enunciations blended in 
a loud sound, through which and abo' 
which it was necessary to hear and distinguk 
the orderly progression of the speech. Aero 
the room this could not be done, nor eve 
near the speaker, except with an effor 
wearisome in the extreme if long mail 
tainod. With an audience filling the rooi 
the conditions were not so bad but sti 
intolerable.” 

“ This may be regarded as a process ( 
multiple reflection from Avails, coiling, an 
floor, losing a little at each reflection unt 
ultimately inaudible. This phenomenon wi 
be called reverberation, including as a sped) 
case the echo. In general, rovorberatio 
results in a mass of sound filling the who! 
room and incapable of analysis into its distinc 
reflections. It is thus difficult to rocognis 
and locate. In the general case of reverberi 
tion wo are conoornod only with the rate c 
decay of the sound. This rate of decay wa 
gauged by measuring what is inversely pre 
portional to it — the duration of audibility c 
the reverberation or residual sound. 

“ Broadly considered, there are two, an^ 
only two, variables in a room — shape (includ 
ing size), and materials (including furnishings] 
In designing an auditorium an architect ca. 
give consideration to both ; in repair wor 
for bad acoustic conditions it is genorall; 
impracticable to change the shape, and onl; 
variations in materials and furnishings ar 
allowable." 

To tost the effects of absorption Sabin 
tested a lecture-room at Harvard empt-y 
without and Avith cushions. With an organ 
pipe as source of sound and a ohronomoter fo 
timing the duration of audibility after th' 
sound had ceased, he found a time of 6-61 
seconds in the absence of cushions. Wit! 
8-2 metros of cushions this time fell to 6-3: 
seconds, and with 17 metros of cushions i 
fell to 4'94 seconds. With all the seats (436 
covered Arith cushions the time of audibility 
Avas only 2-03 seconds. By covering th< 
aisles and platform and placing other cushion: 
on a scaffold till the whole number availabh 
(1600) wore in use, the duration of audibility 
fell to 1-14 seconds. 

Sabine found that the above duration o: 
audibility of the sound in a room waf 
directly proportional to the total volume 
of the room, and inversely as the tota. 
absorbing power of room empty plus that ol 
audience. Or wo may write 
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where t is the time, c is a constant (depending 
on the units in use), and may be taken as about 
0-lG when the metre is the unit of length, 
or 0-05 when the foot is the unit of length, 
V the volume of the room, R its absorbing 
power when empty, A the absorbing power of 
the audience. 

(u.) Halls in Paris . — Marage tested the 
acoustic properties of six halls in Paris ^ and 
quoted Sabine’s formula as applicable. “ In 
the largest of these halls, the Troeadero, 
holding 4500, the mean time of resonance was 
2 sec. when empty and 1’4 sec. when full. 
To make himself distinctly heard in this 
hall a speaker must use a slow utterance, 
pausing at each phrase. But it was not 
necessary to use more energy than in address- 
ing 250 in the Physical Theatre of the Sorbonne. 
In the large theatre of the Sorbonne, holding 
3000, the resonance extended almost to 3 sec. 
empty, but was only 1 sec. or less when full. 
The acoustic properties of this haU were con- 
sidered very good.” 

Marage agreed with Sabine that this time of 
resonance serves to characterise the acoustic 
properties of a hall. He found that this 
duratioir of the sound varies with the quality, 
pitch, and intensity of the primary sound ; 
hence a hall good for a speaker may be bad 
for an orchestra. Por a hall to be good 
acoustically Marage considered that the dura- 
tion of the resonance should be practically 
constant at all parts of the hall, for all vowels, 
and fall between half a second and a second. 
If the duration of the resonance much exceeds a 
second, the speaker can make himself under- 
stood only by speaking very slowly, articu- 
lating distinctly, and avoiding giving to the 
voice too much energy. 

(iii.) Jaeger's Treatment. — Q. Jaeger carried 
the treatment of the subject a step further, 
by studying the growth, maximum, and decay 
of the intensity of sound in a room.® He 
showed that E, the Intensity of sound per 
unit volume in a room, while the source was 
sustained constant, grew according to the low 

where P is the power of the source, v the 
speed of sound in the air of the room, a 
the mean absorption coefdcient (ratio of 
absorbed intensity of sound to that falling 
upon it) of the surfaces in the room (walls, 
floor, oeihng, audience, etc.), S the total area 
of these surfaces, e=2-7183, A; = ?;aS/(4 volumes 
of room), and i is the time from commence- 
ment of sound at source. 

Thus the maximum value of E would be 

^ Comvtes Rendiis, April 9, 1905, cxlii. 878-880; 
and Science Abstracts, A, 1900, 313. 

“ Akad. IFiiss. Wien. Her., 1911, cxx. 2a, 613-634 ; 
Science Abstracts, A, 1912, 17. 


4P/va8. The decay of the sound when the 
source became silent would be given by 

4P 

va8 

where t is now the time from cessation of 
sound at source. 

The value of the product aS, occurring in 
these formulae, is the sum of a number of like 
products, say -I- agSg -t- UaSg, where %, a.^, 
a^, etc., are the absorption coefficients for sur- 
faces of areas Si, S2, S3, etc., respectively. 

The formulae show that the greater the 
product aS, the smaller is the maximum 
energy that can be attained in the room by 
a source of fixed power P, but that the rise 
to this maximum is quicker and the decay 
more sudden also ; though these times of 
rise and fall depend upon the volume of the 
room as well. 

(iv.) Watson's Investigations . — In 1913 E. R. 
Watson published an account of a case in 
which the ventilating arrangements were held 
to assist the acoustics of the room under 
notice, namely, the Baltimore Academy of 
Music.® In this hall “ the whole supply of 
fresh air was admitted at the back of the 
stage, was there warmed, then crossed the 
stage horizontally above the speakers, actors, 
or musicians, passed through the proscenium, 
and then, somewhat diagonally toward the 
roof, across the auditorium in one grand 
volume and with gentle motion so as almost 
entirely to prevent the formation of niinor 
air-currents. It was exhausted partially by 
an outlet in the roof and partly by numerous 
registers in the ceilings of the galleries. The 
acoustics of this auditorium wore considered 
excellent. The weakest voice was audible to 
every seat in the house ; sounds such as a 
sigh, a kiss, or even the simulated breathing 
of the somnambulist, might be heard in the 
most distant parts ; and all musical effects 
were exactly appreciated. All singers and 
speakers agreed in describing the facility with 
which the voice was used on this stage.” It 
was stated that haphazard currents of air or 
those intervening laetween the speaker and 
the audience are detrimental, and should bo 
avoided. 

Later, F. R. Watson described his acoustic 
treatment of the faulty auditorium at 
Illinois.* 

This room was dome-shaped and had many 
subordinate curved surfaces, which focussed 
the sounds in an objectionable manner. It 
seated 2200 and originally showed a rever- 
beration of 9 seconds. After some treatment 

“ Eng. Record, 1913, Ixvii. 205-208 ; Science Ab- 
stracts, A, 1913, xvi. 330. 

* Univ. of Illinois Hull., 1914, xi. No. 73, 3-29; 
Science Abstracts, A, 1914, xvii. 540. 
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the mean time ef reverberation determined 
from 400 observations was 5-9 seconds, whereas, 
calculated by Sabine’s formula (volume of 
room 11,800 cubic metres), this time came out 
as G-4 seconds. Thick carpets were placed 
on the stage, a large canvas painting (400 
square feet) was introduced, and the glass 
removed from the skylight in the ceiling. 
This reduced the time of reverberation of the 
hall when empty to 4-8 seconds. When quite 
full the hall showed a still shorter reverbera- 
tion which was not troublesome. Pronounced 
echoes, however, still gave trouble. These 
were prevented by draperies hung in the dome. 
A sound-” board ” was constructed of jilastor 
in a paraboloidal form and acted well for a 
single speaker, but was objected to by some 
on account of its appearance. Purther, it 
was useless for a chorus or band, and was 
accordingly discarded. The auditorium was 
finally corrected by installing a calculated 
amount of hair felt on walls that produced 
echoes. A decorative cloth was applied over 
the felt to give a ]ileasing appearance. 

Watson afterwards treated the armoury at 
Illinois.^ This room presented an unusual 
case of defective acoustics because of its huge 
volume and small absorbing power. It was 
built to fulfil the usual requirements of an 
armoury in regard to military drills ; but, in 
addition, it had been used occasionally for 
other large assemblies. The acoustics proved 
impossible for speaking and music. The rtiom 
is 400 feet by 212 feet by 93 feet high at the 
centre of the roof, which is almost semicircular 
(and thus forms a reminder of the roof of 
St. Panoras Station, London). Calculated by 
Sabine’s formula the time of reverberation, 
when empty, was 24 seconds. It was now 
seen why attempts with a special megaphone, 
parabolic reflectors, and loud-speaking tele- 
phones had all failed. 

The final and successful treatment lay in 
the introduction of canvas curtains to enclose 
a space 212 feet by 134 feet by 34 feet high. 
The time of reverberation in this enclosure 
for an audience of 4500 was then estimated 
to be IT second. The arrangement was 
carried out and auditors in all parts of this 
space could hear and understand the various 
speakers. 

(v.) Omeral. — Large, bare, unbroken wall 
spaces of stone, brick, or plaster may produce 
objectionable echoes and are to bo avoided 
whenever possible in a room intended for 
spealdng or rapid music. Koughnesses or 
recesses in the walls only count when their 
size is comparable to the wave-length of the 
sounds in use. For the quiet speech of a 
lecturer with a bass voice in a room to hold, 
say, 100, the wave-length is of the order eight 

’ liricklmilder, 1915, 1-4; Scmice Abstracts, A, 1910, 
xlx. 74-76. 


feet. Consequently, in such a case, windo 
recesses two feet wide and six inches dec 
could scarcely bo counted as roughnesses, hi 
alcoves four feet wide and two feet dee 
might bo so reckoned. The same remaii 
apply to the recessing of the ceilings by beam 
coves, mouldings, etc. 

If by reason of bare hard walls distim 
echoes occur, their objectionable presence ma 
be sometimes reduced by the use of a sowu 
hoard over the speaker. Thus if, by the meo 
ing of the direct and reflected sounds at son 
one small region in the room, the hearing 
there very defective, a concave sound-boai 
may focus part of the sound directly to tlu 
“ dead ” place and so improve matters. I 
other cases it may bo advisable to use a pZar 
or convex sound- board to prevent tlie chii 
sound proceeding direct to that surface whic 
produces the objectionable echo, or to ci 
the sound off entirely from the upper pai 
of the space. Obviously the sound- board ; 
not easily ajiplicable to the case of musician, 
so wo consider it for the case of a sing] 
speaker only and when located at a definif 
place. Then, since the wave-length may b 
large, say 8 foot, the sound-board must b 
correspondingly largo or the waves of soun 
will bond round it and the board will bo usolesi 
Again, if the sound-board is required (as usua 
to reflect as much as possible, it is botte 
made of plaster on a framework of wood an 
finished to the exact curvature needed fc 
the purpose in view. 

A careful examination of all the circuit; 
stances of the case is required bofor 
deciding what, if any, sound- board is de 
sirablo and might be expected to prove t 
service. 

There are very few, if any, cases in whic! 
wires strung along or across a building can b 
expected to bo of the slightest use. 

It is to bo noticed that a room considerei 
to be right for speech may bo just a littl 
too dead for music. Such a room may b 
improved thoroforo by the removal, on musics 
occasions, of some caipots, curtains, or othe 
deadening trappings which are needed fo 
lectures. 

(vi.) Absorption Coefficients. — In the accom 
panying table are given the values of th 
coefficients of absorption for a number o 
different materials as determined by W. C 
Sabine, H. 0. Taylor, and others. These wil 
be found useful to insert in Sabine’s formula 
either when designing any auditorium, o 
when the endeavour is to remove the de 
fectivo acoustics of some room already ii 
use. 

The absorption coefficient, a, is defined ai 
the quotient, intensity of sound absorbed b] 
a given surface divided by the intensity q 
sound falling upon it. 
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Table VI 

ABsoRmoNS OP Sound 


rSiiliatauco. 

CocfRcitiiit 

of 

Absorption a. 

Open window 

1000 

Audience 

0-96 to 0-44 

Hair felt (1 inch tliick) .... 

0-78 to 0-50 

Cloraprossecl cork (1^ inch thick) . 

0-32 

Oriental rugs, extra heavy 

0-29 

Oil paintings and frame. 

0-28 

Asbestos roll fire felt (|-incli thick) 

0-2G 

Heavy rugs 

0-2{5 

Brussels carpet 

0-23 

Carpet rug.s 

0-20 

(ketonno cloth 

0-15 

Linoleum, loose on floor 

012 

Pino boards 

000 

Plaster on laths 

0 034 

Single glass 

0-027 

Bricks or plaster 

0-025 

Cheese cloth 

0-019 


Befoi'enco should also he made to the sound- 
proofing of buildings.^ 

The bulletin on “ Sound-proof Partitions ” 
gives a survey of the whole subject with a 
bibliography of published articles. 

§ (23) Lono -RANGE Transit oe Sound. — 
When waves of sound are spreading from a 
powerful source in the ojien air a number of 
causes operate to diminish their intensity 
and may prevent their ever reaching the 
destination for which they were intended. 
A number of those oases ivill be noticed here. 
Much of our knowledge of such phenomena 
is due to Tyndall and to the late Lord Ray- 
leigh. ^ 

(i.) Radiation. — If sound issues from a small 
source, comparable to a point, and spreads 
equally in all directions in a still homogeneous 
atmosphere, then its intensity falls off in- 
versely as the square of the distance from the 
source. Thus at double the distance the 
intensity is reduced to a quarter, at treble 
the distance to one-ninth, and so on. 

(ii.) Temperature Qradient. — Kelvin has 
shown that, when undisturbed by winds and 
sunsliine, the air tends to a state which he 
called conveelive equilibrium. In this state, if 
air be suddenly taken from one level to 
another, the expansion or- compression con- 
sequent on the change of pressure, but without 
any gain or loss of heat, would just bring it 
to the temperature already possessed by that 
region. There is thus a lower temperature 
at greater heights since there the pressure 
must be less, and the air in ascending to it 
would suffer expansion and consequent 

^ See “Tnsmation of Sound,” W. 0. Sabine, Ttrwli- 
builder, 1015, xxiv. 31. “ .Soiind-iwoof Partitions,” 

F. It. Watson, Unit', of Illinois Bulletin, No. 127, 
1022. 

“ See Tyndall’s Sound, London, 1895. 


cooling. It can be shown that in such a 
state, the temperature of the air falls steadily 
in proportion to the height ascended. 

Where this state of things prevails it has 
been shown by the late Lord Rayleigh that 
the path of a ray of sound through the air 
is a catenary with vertex downwards and that 
if the ray were reversed the same catenary 
would be described. (A catenary is the shape 
assumed by a uniform and flexible chain or 
rope fixed at two points and hanging slack 
at rest under gravity, the vertex being the 
lowest point.) 

(iii.) Wind Qradient. — If the wind is every- 
where horizontal, and in the same direction, 
but increases uniformly from the ground 
upwards, the ray of sound may describe a 
catenary or something closely like it. But in 
this case the path is not reversible. Thus, 
if the direction of the sound is against the 
wind the catenary has its vertex downwards. 
But if the sound passes with the wind the 
catenary described has its vertex upwards. 
Hence, if cannons are fired at two stations, 
A and B, it may happen that those fired at A 
will be plainly heard at B, whereas those fired 
at B may be inaudible at A. 

(iv.) Regular Reflection. — Any large solid 
surfaces, such as a hillside or a' cliff, may 
produce regular reflection as in the case of 
the ordinary echo. Such reflection may also 
occur at invisible surfaces in the atmosphere, 
where its density suddenly changes owing 
to a change in temperature, or to a change in 
humidity, or to changes in both. Those may 
be called aerial echoes. Tyndall considered 
they are probably concerned in the rolling of 
thunder. 

(v.) Scattering. — Sometimes the atmospliore, 
although optically transparent, is partially 
opaque to sound. It has been found that this 
is due to the presence of patches or layers of 
alternately different densities owing to sudden 
changes in temperature, in humidity, or in 
both. In this state of things, no regular 
reflection occurs such as produces an echo. 
But, on the other hand, the sound is scattered 
from each such irregular surface; and so the 
intensity of the direct sound is, in consequence, 
distinctly diminished. This phenomenon is 
analogous to the reddening or partial obscura- 
tion of the sun when setting in a smoky atmo- 
sphere and to the scattering of light from the 
interior of a turbid liquid or of an opal glass. 
For in these latter cases the optical media 
cited, while failing to give a reflection in the 
regular manner needed to form a mirror imago, 
yet stop and scatter so much of it that the 
quantity passing directly onwards is appreci- 
ably reduced. 

This state of semi-opacity in the acoustic 
sense was carefully investigated by Tyndall, 
and illustrated by the following lecture 
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experiment. A number of alternate layers of 
carbon dioxide and coal gas were interposed 
between a bell and a sensitive flame. The 
flame then remained unaffected by the^ bell, 
though the region which was acoustically 
op-vque was optically transparent. ^Vhen the 
two gases were turned off and air had diffused 
into the space, the flame responded readily to 
the beU. 

Suppose the atmosphere has many of these 
patches which scatter the sound, so that its 
acoustic action may be compared to the 
optical effects of a turbid hquid. Then, on 
this account alone, the law of diminution of 
the sound proceeding directly ahead would be 
as follows. On advancing equal distances the 
intensity of the sound would lose equal per- 
centages of the values it had on beginning 
each such distance. In other words, the 
intensity of the direct sound would diminish 
in geometrical progression as the distance 
increased in arithmetical progression. This 
same law has been found recently to hold for 
sounds under water in which many small 
obstructive patches occur. (For the recent 
development of submarine signalling see the 
article on “ Sound Ranging.”) 

(vi.) Diffraction. — The spreading of sound 
behind obstacles, which is one form of diffrac- 
tion, must also slightly weaken the main or 
direct beam of sound, beyond that due to 
other causes. 

(vii.) Fog, etc. — We may now notice other 
states of the atmosphere which have been 
supposed prejudicial to the free passage of 
sound, but which Tyndall by an elaborate 
series of experiments found are not so. These 
include the presence of rain, hail, snow, and 
fog, which, he asserted, have “no sensible 
power to obstruct sound.” Kelvin has shown 
that the temperature gradient, which forms the 
limiting condition of equilibrium of the air in 
a warm fog, is about half that in the limiting 
condition for fog-free air. This state is, of 
course, one in which the temperature falls as- 
we ascend. Thus on theoretical grounds it 
should be expected that sound would pass with 
less loss in a fog than when the air is clear. 
This inference is fully home out by Tyndall’s 
prolonged researches off Dover. 

It must be pointed out that the above 
statements, though correct, may be easily mis- 
understood and a false impression received as 
to what is really meant. Sound will usually 
travel better in a fog than in clear air, provided 
that the path in question is wholly in the same 
continuous bank of fog. That is to say, the 
sound must originate in and be heard in the 
same continuous bank of fog. If a sound 
originates in clear air and is to be listened for in 
clear air on the far side of an intervening bank 
Oi fog, then there might be large reflections at 
the first and second faces of the fog, and the 


sound might be much weakened or inaudible at 
the place where it was intended that it should 
be heard. Again, if the sound originates in one 
bank of fog and the listener is in a second bank 
of fog with clear air intervening, the sound 
might again be very faint or inaudible at the 
listener’s position owing to the two reflect- 
ing surfaces interposed. Thus, though it is 
rightly asserted that sound travels well while 
entirely in one continuous portion of fog, the 
presence of a mwiber of banks of fog with 
intervening clear spaces, all between the source 
and its desired destination, may prove very 
detrimental to the long-range transit of sound. 

. (viii.) Zones of Silence. — Many notices have 
appeared of late years calling attention to 
exceptional cases of sound propagation in 
which some explosion is heard in the vicinity, 
following which is a zone or annular space of 
silence, this being succeeded by a still more 
distant region in which the sound is again 
audible. Various theories have been put 
forward to account for this, such as {a) wind 
gradient, {b) temperature gradient, (c) more 
complex meteorological states of the atmo- 
sphere. The first alone may suffice to bring 
sound down again by total reflection at a height 
where a certain critical state obtains. The 
difficulty in settling what has been the cause of 
such phenomena on any particular occasion 
usually lies in the absence of qualified observers 
expecting an explosion and listening for it. 
Thus evidence collected afterwards may be 
biassed or in other ways untrustworthy. 

III. SOTJKD PrODTJOERS 

§ (24) General Sd-rvby.— We shall treat 
here the various producers of sound whether 
devised for music, sigirals, or other purposes, 
the first class, however, greatly preponderating. 

It is often convenient to think of a musical 
instrument with its accessories (and certain 
parts of the performer himself) as divisible into 
three main portions. These are : {a) the 
exciter, or means of producing vibrations ; (6) 
the vibrating system,', and (c) the manipula- 
tive mechanism for the production of the scale, 
for expression, etc. Sometimes the vibrating 
system may bo subdivided into a vibrator of 
definite pitch and a resonator which reinforces 
and otherwise modifies the sounds originated 
by the vibrator. In other cases there is a 
vibrator, not possessing a definite pitch of its 
own, but only favouring certain pitches, some 
one of which is made actual and definite by 
the resonator (in addition to its function of 
modifying the quality of the tone). The sub- 
division gives, in all, four portions of the instru- 
meiit. Take as an example the case of the 
violin. In this the bow in the player’s right 
hand is the exciter, the strings are the vibrators 
of definite pitch, the sound box and contained 



SOUND 


697 


air form tho resonator, while the finger-board 
and the lingers of the player’s left hand fur- 
nish tho mechanism for the scale. The second 
form of subdivision is illustrated by the flute. 
Similar analyses may be supplied by the reader 
for the other instruments, special intricacies 
being referred to as we proceed. 

Having thus briefly glanced at how the 
sounds may bo produced, we now pass on to 
notice what are the characteristics wliich serve 
to distinguish one musical instrument from 
another. Tho chief of these are as follows : 

(а) The range of pitches possible, or the 
compass of the instrument. 

(б) The interval relation of the notes, or 
scale in use. 

(c) The power and delicacy of the sounds 
producible. 

{d) Tho noises accompanying the beginning 
or finishing of tho sounds. 

(e) Tho possible or inevitable change of in- 
tensity of the sounds while they last. 

(/) The quality of the sound when estab- 
lished, by musicians termed tone. 

(g) The possibility of sounding a number of 
notes together or the restriction to one at a 
time, i.e. the capacity for Imrmony or the 
restriction to melody. 

Taking each of these seven points in order, 
we may illustrate them by tho following con- 
trasted pairs of instruments, of which one of 
any pair may be distinguished from the other 


on tho above 
seeing. 

principles 

by hearing without 

(a) Harmonium 

Concertina 

Largo, small compass. 

{h) Bugle 

Cornet 

Harmonic series, cliro- 


matic scale. 

(c) Trombone 

Flute 

Powerful, feeble. 

(rf) Trumpet 

Clarinet 

Declamatory, smooth. 

(e) Harp 

Violin 

Sounds die away, 


sustained. 

if) Oboe 

French horn Penetrating, muffled. 

(;;) Violoncello 

Piano 

Melody, harmony. 


The endeavour has been made to cite 
typical examples, but no doubt tho discrimina- 
tion between the members of each of the above 
pairs would depend partly upon other guiding 
factors, some perhaps too subtle to be recog- 
nised as such. 

As to quahty of tone, we may trace an almost 
continuous gradation from rough coarse bass 
quahty, through dull, rich, full, or mellow 
tones, to those which are described as brilhant 
or even penetrating. Helmholtz has shown 
that the quahties of tone thus popularly 
described correspond to compound sounds in 
which the prime or fundamental sound of 
lowest frequency is accompanied by a retinue 
of other (and usually) fainter sounds of higher 
frequencies. All these sounds (including the 
lowest) are called partials. Musical sounds, as 


to their quahties of tone, may be scientifically 
divided into the following classes : 

(i.) Those with the full harmonic series of 
partials ; i.e. the sounds have frequencies as 1, 

2, 3, 4, 5, G, etc. 

(ii.) Those with the odd harmonic series of 
partials ; i.e. the sounds have frequencies as 1, 

3, 5, 7, etc. 

(hi.) Those with inharmonic partials; i.e. 
the sounds have frequencies inexpres,sible by 
small whole numbers. 

(iv.) Those without any upper partials. 

(v.) Those with harmonic partials, some of 
which near fixed pitches are specially favoured 
whatever the pitch of the prime. 

Most musical instruments fall into the first 
of these classes ; a few into the second ; church 
bells, bars, and gongs into the third ; tuning- 
forks into the fourth ; while the human voice 
singing vowels stands alone in the last. (The 
question of the special tuning of keyboard and 
other instruments is treated in §§ 6-6.) 

§ (25) Compasses op Chief Musical In- 
struments. — Table VII. (p. 699) gives the 
approximate compasses of the chief musical 
instruments classified both scientifically and 
musically. The notes given show the true 
pitches of the hmiting sounds, and not ncces- 
sai’ily those written for the instruments, 
which are often different according to tho 
pitch of the instrument and the traditions of 
the profession. 

§ (26) The Guitar. — This instrument has 
six strings, the three upper being of catgut, the 
three lower of silk covered with silver wire. 
The strings are plucked by the right hand, the 
thumb being used for the three lower strings, 
and tho first, second, and third fingers for the 
three upper strings, the little finger resting on 
the body of the instrument. To obtain the 
different notes of the scale, the strings are 
pressed by the fingers of the left hand (or 
slopped) against the frets or little pieces of 
wood which cross the finger-board at the 
appropriate places. When the vibrating 
length of the string is thus reduced the fre- 
quency is increased and the note produced 
is accordingly higher. Thus, if the string’s 
vibrating length is reduced to one-half the note 
is raised an octave, because its frequency is 
doubled. Again, if the length is reduced to 
two-thirds the note is raised a fifth, because tho 
frequency is increased in the ratio of two to 
three. Similar remarks apply to the other 
notes of the scale. Thus every use of the frets 
raises the pitch above that of the open string. 
An account of the theoretical calculation of the 
frequencies of strings is given in § (62) (i.). 
Notes called harmonics may be obtained by 
touching tVe strings hghtly with the fingers of 
the left hand instead of pressing them hard on 
to the frets. Thus, touching at the middle 
yields the octave, touching at either j)oint of 
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trisection {one-third up or two-thirds up) yields 
the twelfth, touching at one-fourth up yields 
the double-octave. Hence (reverting to the 
typical subdivisions of a musical instrument) 
the thumb and three fingers of the right hand 
are the exciters, the six strings the vibrators, 
the sound box the resonat(Dr, wliile the fingers 
of the loft hand and the frets are the manipu- 
lative mechanism for producing the scale. 
Since the notes are made by plucldng they 
soon die away. 

§ (27) The Mandolin. — ^This instrument has 
four double strings, those of each j)air being 
set to unison. The e" strings are of catgut, 
the a' strings of steel, the d' strings of copper, 
and the g strings of catgut covered with silver 
wire. The notation for these strings is that 
shown at the top of Table VII. The strings 
are plucked with a plectrum (of tortoise-shell 
or horn), and stopped (that is pressed hard by 
the fingers of the left hand) upon the finger- 
board to produce the notes of the scale. H. 
Berlioz, the composer and writer on instru- 
mentation, states that the quality of tone of 
the mandolin has a keen dehcacy not possible 
on other instruments. This is probably due 
in part to the fine point of the xjlectrum used 
to initiate the vibrations. As in the case of 
the guitar the notes of the mandolin are soon 
damped out. 

§ (28) The Harp. — This is the important 
representative of stringed instruments played 
by plucldng with the fingers. The double- 
action harp is tuned in Ob and has seven 
pedals. Each pedal acts upon all the strings 
of a given name throughout the compass of 
the instrument. Further, each pedal may be 
used to raise the strings to which it applies by 
a semitone or by a whole tone at the option 
of tlie player. Thus, by the right use of the 
pedals before commencing a piece, the instru- 
ment may be arranged to provide any one of 
the fifteen major scales in the keys from Cb to 
Cjt, both inclusive. The melodic minor scales 
cannot be thus set by the pedals, since they 
require different notes in ascending and 
descending i^assages. The harmonic minor 
scales can be set in the twelve keys from Ab to 
CB inclusive. The octave harmonics may be 
produced on the longer strings of the harp by 
touching them at the middle with the fleshy 
part of the palm of the hand and plucldng with 
the thumb and two first fingers of the same 
hand. In the harp a separate string is pro- 
vided for each note of the diatonic scale, and 
the pedals are the only accessories needed 
to give the accidentals or other sharps or 
fiats. 

The harp’s quality of tone mingles well with 
the various brass instruments. The tone is 
also somewhat under the control of the player, 
since the strings may be plucked at various 
places and in a variety of ways. 


It is to be noted that the lower notes of the 
harp, being made by long and heavy strings, 
are fairly powerful, and not so quickly quenched 
as those of the guitar and mandolin. Indeed, 
they often need to be damped or checked by the 
hands. Still, since they are plucked, they 
must die away in time, having no supjfiy of 
energy to sustain them. Further, the fact 
that the string is excited by plucking leaves 
the string free to follow the vibrations natural 
to it, and this gives a certain characteristic 
quality to the tone of such instruments. This 
is due to the fact that the higher partials 
of a thick string are slightly inharmonic and 
will so soimd in the case of a plucked or struck 
string, whereas in a bowed string all the vibra- 
tions are forced by the bow into the strictly 
harmonic frequencies. 

§ (29) The Pianoforte. — In this instru- 
ment 1 the strings are of cast-steel wire, at most 
parts of the compass being in duplicate or 
triplicate, but at the bass end single and over- 
spun or wrapped with copper or other wire. 
In the grand pianos the strings are arranged 
horizontally to admit of greater length and 
correspondingly increased power. The sounds 
are excited by the felt-faced hammers striking 
the strings, then rebounding and leaving them 
free to vibrate. The hammers are set in 
motion by the action (or train of mechanism) 
intervening between them and the keys Avhich 
form the familiar keyboard. The action also 
lifts a folt-coverod damper from the string 
when the key is struck, holds it off while the 
key is held, and replaces it to terminate the 
sound when the key is released. The depres- 
sion of the right pedal takes the dampers off 
all the strings and thus allows a considerable 
increase of loudness and change of quality of 
tone through the sympathetic resonances of 
strings which are not struck. The use of the left 
or soft pedal either {a) restricts the vibrations 
to a single wire for each note, (6) muffles 
the sound by the interposition of a layer of 
felt, cloth, or other soft material between the 
strings and the hammers, or (c) obtains a 
softened effect by shortening the stroke of the 
hammers. Along the upper part of the frame 
(in the upright piano) there is the wooden 
wrest - plank carrying the tuning pins into 
which the strings are fastened, their lower ends 
being secured to the hitch pins placed along 
the lower parts of the frame. The strings 
rest upon hard-wood bridges glued to the 
sounding-board. This is often of spruce fir. 
It is slightly convex towards the strings, and 
is strengthened by bars of jiino glued to its 
inner concave side. 

Having thus outlined the construction and 
action of the piano, let us turn to the factors 
upon which depend its retinue of partials and, 
consequentljq the quality of its tone. 

1 See also “ Pianoforte, The.” 
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When played pizzicato, these fall under the heading of plucked strings. 
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As we have seen, the exciters are tlio 
liammera, the vibrators of definite pitch are 
the strings (one or more for each note), and 
the sound- board is the resonator. Thus the 
blow of the hammer, at a spot cliosen by the 
maker, imparts a transverse velocity to a small 
portion of the string. The state of things 
produced there runs to and fro along the string. 
This leads to a particular type of vibration 
according to the form and softness of the 
hammer face and the lilace at which it strikes 
the string. A sharp hard edge to the hammer 
would favour very many partials and develop 
a tinkling or piercing tone; the rounded soft 
face of the hammer in actual use gives a justly 
prized mellow tone. Again, if the string were 
struck at a seventh of its length from one end, 
it is impossible for this point to be a place 
of no motion. Consequently the seventh 
partial is not encouraged, for it would corre- 
spond to the vibration of the string in seven 
sections with one of its nodes (or places of no 
motion) at a seventh from one end. But tliis 
remark as to no motion at the node applies 
only to the vibration for which it is a node. 
Hence, though the hammer by striking at a 
seventh would not encourage the seventh 
partial, this partial might still creep in. In 
some ]hanos the striking place is between the 
seventh and the ninth of the length of the 
strings from one end, varying in different parts 
of the compass. The time of contact of the 
hammer with the string may bo of the order of 
half the period of the prime or fundamental 
of that string. Thus for the middle C (of, say, 
264 per second) the time of contact might be 
less than one five - hundredth of a second, 
perhaps as low as one six - hundredth of a 
second. 

We have seen that the character of the 
vibrations of the piano string itself depends 
largely upon the nature of the hammer and 
the position of its blow. It must bo noted, 
further, that the character of the vibrations 
depends also on the thickness and material 
of the stririga. Thus, very thick strings of 
rigid material would bo too stiff to form very 
high partials, since they correspond to the 
vibration of the strings in many small segments 
and involve considerable bonding. And for 
the same reasons any moderate partials would 
be inharmonic and would so sound. 

But Avhen the type of the vibrations of the 
string itself is finally settled, is the instrument 
committed to a definite effect as to quality 
of tone ? Certainly not. Another very im- 
portant factor remains to bo examined. This 
is the sound-board and its bridge upon which 
the string presses. 

The importance of the sound-board may be 
seen thus. If a string isolated from the sound- 
board vibrated precisely as a pianoforte string 
does, very little sound would be heard. The 


reason is that the air would flow and reflow 
round the string and be scarcely disturbed 
far away. A sound-board, on the other hand, 
cannot vibrate without setting in motion a 
large body of air, thus starting waves of 
sound that are audible all over a large room. 
Accordingly wo must ask, not merely what 
vibrations does the string itself execute, but 
also what vibrations does the string force 
the sound - board to execute ? Of course, 
the latter vibrations depend upon the 
former, but may differ from them in essential 
respects. 

If the vibrations of the string itself are 
precisely all that could be desired, then it is 
the duty of the bridge and sound-board to 
reinforce them without change of character 
and convey them to the air. If, on the 
contrary, the vibrations of the string are 
defective in any way, then on the bridge and 
sound-board is imposed the double duty of 
reinforcing and improving these vibrations 
so that the desired quality of tone is received 
from the instrument as a whole. 

The exact types of complex vibration 
which are most acceptable as forming the ideal 
musical tone are to some extent matters of 
opinion or controversy. Still more difficult 
is it to assign the precise dimensions of the 
mechanical details of hammer, string, bridge, 
and sound-board which would secure their 
production. Probably the nature of the wood 
of the sound-board and its seasoning are very 
important. Possibly also the exact dimen- 
sions of a sound-board must bo varied accord- 
ing to the particular nature of the specimen 
of wood used for it. The various points 
here briefly referred to have been under 
investigation for some time, but no final 
solution of such intricate problems can be 
expected at any early date. In matters of 
this kind wo no doubt owe much to the 
refined taste and instinct of those concerned 
in the making of pianos, and to their accumu- 
lated experience during two and a half 
centuries.^ 

§(30) Tirra Violin Family. — The instru- 
ments of this family now in use in England 
are four, namely, the violin, the viola, the 
violoncello, and the double-bass (see Figs. 4a, 
4b, and 4o). The vioHn has its strings of 
catgut tuned to e", a', d', and g, the latter 
being covered with silver vdro. The notation 
here used is that at the top of Table VII. § (25). 
The viola has its strings tuned to a', d', g, and c, 
all being thus a fifth lower than those of the 
violin. The violoncello is pitched an octavo 
below the viola, its strings being accordingly 
tuned to a, d, G, and C. The double-bass may 

^ For research work on piano vibrations see papers 
by G. H. Berry, Phil. Mag., April and October 1910 
and July 1911 ; also one by C. V. llaman, Boy. Soc, 
Proc., April 1920, xevli. 99-110. 
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Fig. 4 a.— V iolin. 


have three strings or four, and they may be 
tuned to fourths or fifths, the earlier alterna- 
tive in each case being that in more general 
use in England. Thus the three-stringed 
bass may bo tuned in fourths to G, D, and A^, 
or in fiftlis to A, D, 
and Gi- 

Except for the 
strings, their tun- 
ing, and the oorre- 
sp)onding sizes of 
the instruments, 
they liave much 
in common. Q'hus 
many of the follow- 
ing remarks apply 
to all of them. The 
bow with its ros- 
ined hairs is the 
exciter, the strings 
are the vibrators 
of definite pitch, 
the sound - box is 
the resonator, while 
the finger - board, 
free from frets, 
allows the scale to 
bo played by the 
fingers of the loft 
hand. The vibi'at- 
ing portion of the 
string reaches from 
the bridge to what 
is called the mit, 
tile little cross-piece 
of ebony or wood 
between the nock 
and head or peg- 
box. Wlien the left 
hand is farthest 
from the bridge it 
is said to be in 
the first position. 

Then, the first, 
second, and third 
fingers when used 
in turn to slop the 
string (i.e. to press 
the string against 
the finger - board) 
give the notes of 
the diatonic scale 
required to bridge 

the interval between one open string and the 
next. Thus from the fourth or (/-string 
of the’ violin, these fingers give in turn 
the notes a, b, and c'. The next open 
string is d\ on which the fingers stop the 
notes e', f, and (/'. The fourth finger may 
be used on any of the throe lower strings 
to give a note in unison with tlio open string 
above. When the hand is shifted nearer 
the bridge so that the first finger occupies 


Fio. 4 b. — ^V ioloncello. 


the place formerly held by the second finger, 
the hand is said to be in the second position. 
The third, fourth, fifth, sixth, etc. positions 
are also used, the odd being easier than the 
even positions. Each position has its advan- 
tages as regards the notes commanded on a 
given string, cither for the sake of (a) smooth- 
ness of phrasing in certain passages, or (ft) the 
special quality of tone of the string on which 
such notes are now played. For each string, 
differing in thickness and mass from its 
fellows, has its own tone and other individual 
characteristics. 

The fingering of the violin in the first and 
tliird positions, in illustration of the above 
remarks, is shown in Fiej. 6. In the third 
position the notes 
indicated by J are 
played by the 
fourth finger 
stretched out a note 
higher and only 
touching the string 
lightly at its 
“centre,” thus 
eliciting the octave 
harmonic. When 
the term centre is 
used hqre it must 
be interpreted, not 
necessarily as the 
point equidistant 
from bridge and 
nut, but as that 
point which divides 
the string into two 
segments which 
vibrate in the same 
time. This is often 
not quite the same 
as the former, be- 
cause the strings are 
usually slightly 
tapering from end 
to end. 

Let us now ex- 
amine more closely 
the action of the 
violin and the r61e 
played by its various 
parts. We may thus 

Fiq. 40.— Double-Bass. • learn something of 
the qualities a fine 
instrument should possess, and also of 

what its technique demands. The stroke 

of the bow pulls the bowed part of the 
string aside at its own speed ; ^ this pai’t then 
springs back, usually at a different speed. 
Further, when the bow projierly rosined is 
applied with due pressure at the right place 

^ Surmiscil by Helmholtz and recently (1014) 
established by (!. V. Hainan. (Boo Science Abstracts, 
A, 1915, xvlii, 87.) 


on tbo string and moved at the ai>propnato 
speed at right angles to the length of the 
string, then the full series of jiartial tones is 
elicited, and with a sjieeial grading of their 
intensities as follows; 


Ilcilalivo , 

of pni-lials J ’ 


:i, A, 0, 0, I’U'. 


TiitonHiUcs in violinj 

Or, in words, the intensities of the partials 
of a well -bowed string are im^ersely n^s the. 

squares of their fre- 
Tiiird ([uencies. This highly 
|Position specialised composition 
constitutes what may 
bo called vif)lin tt)nc. 
But these partials do 
not make any im- 
mediate ai)i)eal to the 
oar. The vibrations of 
the string first affoet 
the bridge (of maple) ; 
its feet press upon the 
pine holly and sot that 
in sym[)athetio vibra- 
tion. Tho holly sets 
tho ribs (of ma[ilo) and 
back (mai)lo or syca- 
more) in vibration, 
and thus also tho air 
otmtained in tho sound- 
box, wI)ioh passes in 
and out at tho two 
/-holes. Tho holly is 
strengthened by tho 
bass bar, which is inside 
it and lies beneath tlio 
fZ-string. Nearly under 
one foot of tho bridge 
(on tho fi'^-string side), 
the belly is supixirtod 
by tho sound-post, a 
little round piece of 
pino which is hold in 
])laoo by tho pressure botwoen back and belly. 

It sooniH highly in'obablo, therefore, that the 
main portion of the sound heard is that proceed- 
ing from tbo vibrations of tho belly, the back, 
and tlio air between them. Further, since 
those structures are of ooraplloatod shape 
with asymmetrical strengthening ineoos, it is 
not likely that they can follow i)rooisoly tho 
vibrations conveyed to them from tho string 
by the bridge. Indeed it has been shown 
o-xpcMimontally that tho vibrations are modified 
in character as they jjass through tho sories 
of moving parts : string, bridge, belly, and 
air between it and the hack. And tliis is 
only what may be expected from the praeticsal 
consideration that the value of the instrument 
lies in tho sound-box that modifies tho vibra- 
tions in a certain individual manner, and ntd 



Fm. 5. 

Fingering of Violin. 


in tho strings that originate them. The fine 
old violins have also a speefial varnish which 
proHerve.s and perhaps enhances their tone.’- 

Let us now consider what the violin requires 
from tho i)crf{)rmer. 'rhe fingers of tho left 
hand have to stop tho strings so as to produce 
tho notes in tho intonation desired according 
to v/hat other instruments are used in concert 
mth tho violin. Further, this task must he 
performed without any lu'lp from frets, wliich 
are not iwesont on tho keyboard. But this 
loaves tho possibility of gliding tho finger 
from ono stop to another, thus introducing tho 
grace called portamento, which must bo used 
\vith discretion. The finger holcling a stop 
may also bo rocked or rolled, thus producing 
an effect called tho tremolo. It may ho 
executed rapidly to intoiiBify dramatic expres- 
sion, or slowly to im[)art tondorncss to a 
patliotio melody. Thus, except for the 
IKjrtanioiito and tho tremolo, only accuracy 
(in stop and time) is demanded from tho 
left hand. But from tins right hand are 
required not accuracy only hut the j)roduction 
of all tho tone and ex[)reBsiou of which the 
violin is ca))ahlc. Tho how should always 
move perpendicularly to the strings ; tho place 
of hewing must ho chosen according to the 
olloct doHirod, near the bridge for loud ])aHsag 08 , 
farther away for softer ones. Again, with 
each suoh place must bo associated tho corre- 
sponding proHBuro and speed. Tho strings 
of tho liarp aro plucked, those of tho iiiano 
struck, and tho vibrations of each die away 
according to the inexorable Jaw of such 
instrumont, over which tho jdaycr has no 
control. Tho vibrations of a bowed string, 
on tho contrary, may he sustained of constant 
intensity, or may ho gradually increased or 
doereosod in intensity at tho will of tho 
j)erformor. Indeed, in this rcHi)oct, everything 
is ]Ht8sihle on tho violin, tliough coiTospond- 
ingly dinieult.® 

§ (111) MiSTAU IIKKDH WITItOUT PlPKR. — The 
harmonium, tho American organ, and tho 
concertina present cxarnjfios of this class of 
vibrator, the reeds in c|ucHtion being called 
free reeds. A reed or tongue of this ty|)c is a 
thin oblong inotal plate or strifi fastened at one 
end to a block in which there is a hole behind 
tho tongue of the same shape. In some 
examples of tlieao roods tho tongue, when at 
rest, closes tho hole in the block oxoopt for a 
very lino clearance at its margin. When in 
motion tho tongue alternately oi)ens and 
(nearly) closes the hole in tho block. Now, it 
is a result of theory that, the more siuUlon 
tho discoiiiinuity of any periodic motion, 

' For resparcl) work on tlio violin soe l‘Ml, Afua,, 
Auk. UHIO, Sept. H)10, .fiuio 1012 ; alKo HnllHin, No. 
15, Indian AsHooiatUm for the t'ulilvatlon of Solonce, 
I!UH. 

“ For a roHoaroli on tliOHO poInlH hoc Phil. Mag., 
May 1020, xxxlx, 535-0:iO. 



the greater the relative importance of the high 
partials which are present in the corresponding 
sound. Thus, the more sudden the action of 
the reed, the more obtrusive are the high 
partials in the sound, and the more cutting 
or grating is the quality of tone. Further, 
since in the instruments now under notice 
there is no pipe whose resonance might 
modify tliis quality, it remains of that cutting 
character which soon palls. 

To sharpen the pitch of a reed, a little is 
scraped olf tlie tip. This, while not changing 
the spring, diminishes the mass at the end 
wliere its effect is greatest and so increases 
the frequency. To flatten the pitch, a little is 
scraped off the root of the reed. This, while 
not changing the effective mass, weakens the 
spring and so decreases the frequency. 

In the harmonium the bellows forces the 
wind through the reeds, while in the American 
organ the wind is drawn through the reeds 
into the bellows. The English concertina is 
tuned to mean-tone and has separate notes for 
Djj and E'p, also for G# and At>. 

§ (32) Reed Pipes in the Organ. — These 
dilfor in two rcsjiects from the reeds of the 
harmonium, first in having a pipe to modify 
the quality of tone produced by the reed, 
second in the manner of their tuning. It is 
also to bo noticed that the reeds are of two 
kinds, free reeds like those in the har- 
monium, and beating reeds which are too large 
to pass into the opening with which they are 
associated. They therefore bend on to the 
opening Uke a covering flap until they have 
nearly closed it. Such a reed is adjusted, 
or voiced, so as to close with a rolling motion, 
and thus gradually cover the aperture. The 
harshness of quality consequent upon a sudden 
discontinuity is thus obviated. The free reed 
of an organ pipe is tuned by a wire clip which 
grasi^s it near its root. The shorter the 
vibrating part of the reed the higher the 
pitch. The boating reed has a wire pressing 
upon it near the root, and by its adjustment 
the reed is tuned. By varying the dcrign of 
the reeds and the shape of the pipes with 
which they are used, various typical tone 
qualities can be obtained or approached, thus 
imitating or suggesting the various orchestral 
instruments. 

In these reed stops (or sets of pipes of a 
given type for several octaves) we may note 
the following parts and functions. The blast 
of wind is the exciter, the reed of definite 
pitch is the vibrator, and the pipe with which 
it is associated is the resonator modifying the 
quality of tone produced. 

§ (33) Organ Pipes without Reeds. — 
These constitute the flute, or flue, stops of the 
organ. They are usually parallel and always 
have a typical opening called the mouth. 
Above the mouth is the speaking length, of the 


pipe, below it is the rack length, or portion 
of smaller tube by which the pipe is put in 
connection with the wind chest from which 
it is blown. Metal pipes are usually of 
circular cross-section, wood pipes are usually 
rectangular in cross-section. The flute pipes 
also fall into two main classes according as 
they are open or stopped at their top end. 

Let us inquire how these pipes come to 
utter their miirical sound. (See Fig. 6.) 
Suppose the pipe is in position, the air in 
the irind chest at the right pressure, and the 
key is depressed. Then the blast of air issues 
from its sHt-like opening at the lower part of 
the mouth of the pipe and passes up in the 
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form of a thin sheet or blade and strikes the 
lip or upper edge of the pipe’s mouth. It may 
pass cliiefly outside the pipe and so make a 
rarefaction inside or it may pass chiefly inside 
and so make there a compression. Whichever 
state is first produced just inside the mouth 
advances to the top of the pipe, is there re- 
flected, and returns to the mouth. On 
reaching the mouth this reflected disturbance 
reacts upon the unstable blade-shaped stream 
of air still passing upward at the mouth. 
Accordingly tliis stream is easily pushed or 
drawn aside, and by this very deflection 
encourages that state which already exists. 
Thus the wind maintains the sound of the 
pipe. But its pitch or frequency is fixed by 
its speaking-length, the nature of the reflec- 
tion at the top, and the speed of sound in 
the air of the pipe. 



(i.) Open Pipes . — If the pipe is open then a sand is shown at the tniddle, by wliioii it may 
comxiression ariiving there will be reflected as be demonstrated that tlioro is no motion at 
a rarefaction, for the two opposite states ai’e the nodes and much at tlio antinodes. The 
required to kcexr the x^rossuro practically con- gas jets F, G, H show that there is a fluttering 
atant, as must bo the case at an open end. of xiressuro at the nodes. 

Hence, if a compression starts up from the Now, when the x>ipo is supplied with wind 
mouth, it is changed' into a rarefaction after its of the aiiprox)i’iatc xwossuro it sounds the x^rimo 
ascent, and after its descent it is again reversed most xwominently, but also the other xuirtials 
in state by reflection at the mouth, so starts ux) too, their intensity falling off as wo ascend in 
again as a comx'rossion. That is, the original the series. A set of x^ip^^^ intended fur use 
state of things is re])eatcd after (ivice travers- at any given xjroasuro must therefore bo so 
ing the sxreaking-longth of the pipe. Consider voiced (or adjusted at their mouths) as to 
now the case of a 8tox)i)od xux>o. A comxirossion rosx)und readily to blowing, and start their 
arriving at the top end is reflected as a com- notes as xJromxrtly as x^ossiblo. If the stream 
prossion (the double compression being easily of air wore so directed as to fall outside the 
sux)X)ortod by the stopped end), descends to x>ipo always, or inside it always ; then in 
the mouth, is there reflected as a rarefaction, each ease the x>ipo would not speak. It must 
and passes ux) and down the pipe again in bo so directed and of such unstable nature 
that state. Then, by reflection at the mouth, as to bo easily pushed out or drawn in by the 
it is changed to its original state of oompres- first feeble |)u1bo that has travelled up and 
sion. And this occurs after traversing four down the x^po- Further, this stream of air 
times the speaking-length of the pifro. Thus a must bo of such nature as to encourage, not 
stopped pix)o has about double the period the x>rimo only, but each of the tither desired 
and half the frequency of an open pix^e of the degree desired, 

same length. In other words, stopiiing the But the ihpo has a great effect uxion the final 
l)iX>o lowers its about an octavo. All result whatever the stream of air is favouring, 

the above remarks ajjjfly to the iirimo or Thus, with a narrow upon i)iiro, all the x>artial 
fundamental of tlie pipe. Lot us now inquire tones are well in tune, that is the frequencios 
what arc the ])itohcs of the other XJS'i’tials p‘>s8iblo to the ])ipe are almost exactly in the 
X>()S8iblo to the pi]»o. Take first an open ratio 1, 2, 3, 4, 5, 0, etc. Now when the 
pixie as shown in Fig. (i. To xiroparo for the blast is on, all the x»''J‘fi>''l tones actually 
uxipor x^wtials wo may with advantage go sounded must bo x>roc!isely in tune as just 
into a little closer detail in the inimo itself, mentioned. Hence, on blowing such a xdpo 
Thus the mouth and the ujipor oiion end arc those xJftrtial tones readily resiiond and the 
both anlinodes or iilacos of freest motion, tone is fairly bright because many _ jiartial 
Those are accordingly marked A in the first tones are ])rc8ont. Again, consider an ufion 
column of 0 under the heading xirimo tone, iiipe, but this time a wider one (and porha|)H 
But, half a x>eriud after a compression loaves cif woodl, the I’ossiblo iiartials have frequencios 
the mouth to ascend, a rarefaction loaves it nearly as 1, 2, 3, 4, 5, 15, getting more out of 
also and starts up the pixie. Now, at this tune as wo ascend the series. Accordingly it 
very instant _a rarefaction, derived from the requires more effort to induce those higher 
previous compression, is starting down from x^f^dials to sxieak in tune, Avhich they must 
the tox^. Thus, these two rarefactions will do under the influence of the blast if they are 
moot at the middle of the x>ipe) arrd while (by to sfioak at all. fl’ho result is that these 
their oxiposite direction) annulling all motion higher iiartials sxioak more feebly in a wide 
they will x^roduco a double rarefaction. This x>il>o than in a narrow one, and the tone is 
middle xiobri is therefore for the prime a consequently molluvvor or less bright. 
ru)de, or jilaco of no motion but greatest (ii.) Stopped Pipes. — - Turning now to a 
change of firossuro. It is accordingly marked stopped pipe, we must always have a node at 
N on the figure. If the X'ip® ‘wore overblown the stopped end and an antinodo at the mouth, 
it could sound its second partial tone. The For the iirime tone there is no other node or 
oorrosiionding state is as shown in the column antinode in the iiipe, which accordingly has a 
under that heading. Thus, there are again length about a quarter of the wave-length 
autinodos at the oxion end and mouth, but speaking. For the next partial we sluiuld 
now an antinodo in the middle also, nodes have the state of things roiirosented by 
ocourring midway between the antinodos as ANAN ; beginning at the mouth and denoting 
before. Tim wave-length of the vibration is by A an antinodo and by N a node. Tlio 
acoordingly half that for the prime and the length of the pipe is accordingly three-quarters 
frequency, in consoquonco, is doubled. The of the wave-length now in use. In other 
next. column shows the state of things for the words, the wave-length is now one-third that 
third partial, in whic.h the wave-length is a for the prime and -the frequency is trebled, 
third that for the prime and the froquonoy is Similarly for the next higher partial wo should 
■trebled. In Fig. 0 a little tambourine with have the sohomo ANANAN. fl'Iiis shows that 


IS fivo-cj^uartcrs of the 'wave-leugth 
low in. use, whose frequency is accordingly five 
imea that of the prime. Thus, for a stopped 
lipe the frequencies of the partials possible 
tro as 1, 3, 5, 7, etc., i.e,. as the odd numbers 
)nly. With the stopped pipes again (as with 
ihe open ones), the narrowness of the pipes 
ayours the upper partials and produces a 
irighter tone, while widening discourages 
/hem and gives a duller tone. But, whether 
vide or narrow, the stopped piiies have a tone 
fuality distinct from the open ones because 
if the odd partials only being present instead 
if all. The tone of stopped pipes may be 
losoribod as somewhat hollow, the wider 
itoppod pipes have a dull quality of tone, and 
rvhon vary low are said to be soft and powerless. 

The tuning of open flue pipes when of metal 
ind cylindrical is accompanied by shifting a 
ileovo which slides on the upper end. Bushing 
iho sleeve uji lengthens the pipe and flattens 
iho pitch, piisliing it down shortens the pipe 
ind sharpens the pitch. 

Wooden open pipes are tuned by bending a 
notal piece which shades the top. The pitch 
s flattened by lowering this flap, because the 
ijicn end is then more effectively shaded 
ind this is equivalent to lengthening the pipe. 
l*'or the virtual open end, as regards the waves 
;if sound, is always beyond the actual end, 
ind the less ojien the end is the greater the 
lisorepancy between the two. To sharpen 
iho pitch the flap or shade is raised and the 
:iipe Virtually shortened. 

§ (34) TitB Plttti!! and Piccolo. — In these 
nsbrumonts (and fifes) we have a pipe parallel, 
ir nearly so, open at one end and pierced with 
i special mouth-hole near the other end. They 
ire thus comparable to the flute pipes of the 
irgan as to the manner of maintaining their 
lound, though the lips and chest of the 
lautist replace some corresponding mechanism 
n the organ. The air blast may be regarded 
IS the exciter, while the vibrating system 
jomprisos (a) the blade-shaped stream of 
iir whioh passes from the player’s lips and 
strikes the sharp edge of the mouth -hole, and 
’b) the column of air within the cylindrical 
pipe. The pitch is decided and kept steady 
by the length of the air column whoso vibra- 
iion causes the stream of air alternately to 
inter or pass over the mouth-hole. The 
uonipulative mechanism for the production 
if the scale consists of the holes and keys 
dong the side of the tube whioh act by regulat- 
,ng tile effective length of the tube in use. It 
s this length whioh governs the time of 
iassago of a pulse to and fro in the tube. In 
i very simple form of flute or piccolo there 
ire only six finger holes and six keys, the former 
icing open except when closed by the fingers, 
;he latter closing holes except when opened 
3 y the fingers. In such a flute the uncovering 


of the holes in order beginning at the right-hand 
or open end would usually give the diatonic 
scale of D. If, however, the tube is lengthened 
and other keys provided, the chromatic scale 
may be continued down to C natural. By 
some musicians the flute is then said to be in 
C, although the holes stiU correspiond to the 
scale of D. In Table VII., p. 699, flute in D 


Fia. 7. — Concert Flute, Fig. 8. — Silver Concert 

Pratten’s Cone. Flute, Boehm Cylinder. 

is inserted although of this typo. In the Boehm 
flute the holes are all covered, but the positions 
of these key-holes correspond to all the finger- 
holes and key-holes in the simpler arrange- 
ment. The two flutes are shown in Figs. 7 
and 8. The musical notes indicated against 
the open end and the other holes give the 
pitches sounded in the lowest octave when 
each place is in turn the first opening counting 
from the mouth-hole. In other words, the 
place in question is open but eveiything else 
is closed between there and the mouth-hole. 
The higher octaves are obtained by over- 
blowing and slightly different fingering. 

2 z 
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The flute has the full series of partials since 
its tube is parallel and open at each end, but 
the partials do not usually extend far. Thus, 
the quality of the flute’s tone is very mellow 
and pleasing, being somewhat dull in the lower 
register if sounded softly, but brighter in the 
middle part of the compass. The partial 
tones of the flute are in some cases almost 
limited to the prime and octave. In attempt- 
ing to obtain low notes loud, the octave (or 
second partial) may be much louder than the 
prime, and there is difficulty in keeping the 
prime going at all. 

The piccolo is about an octave above the 
flute, but in other respects similar. The 
lower part of its register is poor in quality and 
is not much used, the flute giving better notes 
in this part of the compass. Also the higher 
notes of the piccolo, if loud, are somewhat 
harsh and need toning down by a sufficient 
accompaniment. But the piccolo, judiciously 
used, can give an incisive brightness not 
otherwise obtainable. It can also continue 
a melody beyond the range of all other 
orchestral instruments. 

The flute and piccolo are the most agile of 
the wood-Avind instruments, being capable 
of rapid staccato passages which would be 
difficult and ineffective on reed instruments. 
This is in great measure due to the possibility 
of double and triple tonguing on the flute, 
which is impossible with a reed. To grasp 
this point we must note that the ordinary 
method of producing or tonguing detached 
notes on the flute is by articulating the syllable 
too, or something which approximates closely 
to it. Now this is done by sharply withdraw- 
ing the tongue from between the hps and emit- 
ting a puff of air. But if this syllable too were 
required for every detached note, however 
rapid the music, only a confused souffle would , 
follow. For the tongue would have to perform 
two motions, backward and forward, for every 
note uttered. This difficulty is obviated by 
pronouncing different syllables alternately, 
say too with the backward stroke of the 
tongue, and hoo with its forward stroke, a 
musical note being obtained at each stroke. 
Various syllables are used according to 
individual choice, clearness and equality of 
articulation being the aim. It is easily seen 
that double-tonguing offers the same advan- 
tage to the flautist that up-and-down bowing 
does to the violinist, a note being obtained at 
each stroke, instead of only one note for both 
strokes, as in single tonguing on the flute, 
or using aU down-strokes with the violin bow. 

§ (35) The Oboe and Bassoon. — These are 
the soprano and bass instruments of the same 
family. Each is played rvith a small double- 
cane reed, and each has a conical tube. It 
can be shown mathematically that such an 
instrument (a cone closed by the reed at its 


vertex) must have the full series of partials. 
And it is found by experiment to be the case 
for the oboe. Indeed, some of its high partials 
are very powerful, and therefore make the 
tone quality thin but penetrating. The oboe 
takes so little air that the player is practically 
holding his breath wffiile sounding a continuous 



FiQ. 9. — The Oboe. Fig. 10. — The Bassoon. 

note, and needs rest not to take breath but to 
expel that which could not be passed through 
the reed. With these instruments the air 
blast is the exciter, the reed and its associated 
tube form the vibrator, and the somewhat 
complicated system of holes and keys supply 
the mechanism for the production of the scale. 
This is accomplished by changing the effective 
length of the tube from the reed to the first 
opening. 

The conical tube of the oboe is straight, 



wliilo the bassoon, about two octaves lower, 
has a bent tube. The bell of the bassoon is 
at the upper end, the other or reed end being 
near the bell, but lower, while the conical 
tubing passes down from the reed to the con- 
cealed bend at the lowest part of the instru- 
ment and thence straight up to the bell. Both 
instruments are shown in Figs. 9 and 10. 

The English horn or Cor Anglais may be 
regarded as an alto oboe,' but the bell is rather 
different in sliape, and the 
tone is quite characteristic and, 
in certain cases, extremely 
effective (see Fig. 11). 

All the instruments of this 
family (hke the flutes) yield the 
octavo by overblowing. By 
this device, therefore, combined 
TOth suitable fingering, the 
higher octaves are obtained. 

§ (36) The Claristet. — This 
instrument is very special from 
the scientific standpoint and 
justly prized by musicians for 
its fine tone. It is played with 
a single beating -reed of cane; 
the tubing is parallel, except 
for a small part near the 
mouthpiece and the end which 
forms a bell. Thus, since the 
reed must count as a closed 
end, the clarinet has the odd- 
numbered partials most pro- 
minent, although the even ones 
are not entirely absent. It is 
this, together with the special 
behaviour of the reed in the 
mouth of a skilled performer, 
that gives the tone of the 
instrument its quality so 
characteristic of the clarinet. 
Further, it must be noted that 
the instrument (because of its 
odd partials) overblows the 
twelfth (instead of the octave, 
as in the flute above). In 
other words, since the strong 
partials have frequencies, as 
1, 3# 6, 7, etc., that of triple 
Oor^Angfais. frequency is the next note to 
the prime, and so is got by 
overblowing. And this note is the tweKth 
of the prime in the musical method of reckon- 
ing by counting the notes of the diatonic 
scale. Accordingly, on the clarinet a sufficient 
number of holes and keys must be provided to 
give the chromatic scale over the interval of 
a twelfth from low E up to B. This requires 
at least 19 holes and keys, but it has been 
found preferable to provide 7 holes and 13 
keys. These are, as shown in Fig. 12, the 
letters against each hole or key indicating the 
notes sounded when the plage in question is 


open and all else is closed between there and 
the reed. 

Since the fingering is somewhat complicated 
in the clarinet it is found preferable to keep 
it within the limit of keys without more 
than two flats or sharps in their signatures, 
at any rate for rapid passages. This necessi- 
tates the provision of clarinets in various keys, 
those in common use in the orchestra being 
in C, in Bh, and in A. Thus, if a piece of 
music required perform- 
ing in the key of Eh 
(three flats in the signa- 
ture), by directing the 
use of the Bb clarinet 
the music would be 
written in F (one flat 
only in the signature). 

For the fingering that 
produces F on the 0 
clarinet will produce Eb 
(a tone lower) on the Bb 
clarinet, since the instru- 
ment itself is a tone 
lower by reason of its 
extra length of tubing. 

Again, if music in the 
key of E (four sharps in 
the signature) were to 
be played on the clari- 
net, the music would be 
written in G (one sharp 
in the signature) and 
assigned to a clarinet in 
A. Then, since this 
instrument gives A for 
the note written and 
fingered as C, it rvill give 
E for that written and 
fingered as G. Of course 
the C clarinet could bo 
used for the five keys 
Bb, F, C, G, and D ; but 
the Bb clarinet would be 
better for the first of 
these, about equally good 
for the second, while 
the A clarinet would be 
better for the last. But 
apart from the ease of 
fingering which has just 
been alluded to there is the distinctive quaUty 
of tone of each instrument to be considered. 
Thus the C clarinet is in the upper parts some- 
what unsympathetic, while the A clarinet 
is duller than the Bb instrument, which is 
considered the richest and fullest in tone. 

It may be noted that the clarinet is specially 
capable of the most delicate gradations of 
piano and pianissimo. Further, in common 
with all the other reed instruments, the 
clarinet is heard at its best in legato phrases. 
Staccato playing on the reeds is ineffective 




in rapid passages, as no double - tonguing 
is possible (as in the case with the flute). 

§ (37) The French Horn without Valves. 
—We now commence the notice of a class 
of instrument very important musically and 
of high scientific interest, namely, the brass 
of the orchestra and other bands. All those 
have hyperbolical iiipes and cupped mouth- 
pieces, the human lips forming the very special 
double- reed. To produce any desired note, 
that is possible with the length of tube in use, 
the lips (at the right tension) are applied to 
the mouthpiece, tlve tongue is suddenly 
withdrawn from them and a sound like too 
articulated. This sound is steadied in pitch 
and much increased in power by the tube. 
Thus the blast of air is the exciter, the human 
lips and the tube together forming the vibrator. 
In the above respects all the brass instruments 
are aUke. They differ, however, very widely 
in the mechanism for the scale, in comiiass, 
in power, and in many other details. 

All French horns have very long tubing 
coiled in a circular form and ending in a large 
bell, and are played with a long narrow taper- 
ing mouthpiece which favours the production 
of high notes of a soft quality of tone (see Fig. 
13). In playing, the right hand is placed 



Fig. 13. — French Horn without Valves. 


inside the bell to give the tone a slightly 
muffled or veiled quality. The hand can 
also be changed somewhat in position so as 
to alter the pitch by various fractions of a 
tone, quarter-tone, semitone, three-quarters 
tone, etc. This changed position of the hand 
involves also a change in the degree of muffling. 

In common with all the other brass instru- 
ments French horns have the full series of 
partials. This is due to the fact that a cone 
closed at the vertex gives this full set, and 
that all the brass instruments are quasi- 


conical. The curvature is to correct for the 
bell and mouthpiece, etc. By a suitable 
pinch of the lips these different partials may 
be elicited in turn as the open notes of the 
instrument, those which are lower than the 
note required being suppressed. In tliis 
way the various possible frequencies from 
1 to 16 may be sounded. These notes for a 
horn in 0 may be represented in ascending 
order as follows : 

[0] 0 £/ c' e' (f (fe'b) c" tl" e" (/") cj" (a") (b"\,) 6" u'". 

[ 1 ] 2 8 4 6 (5 7 8 9 10 11 12 13 14 15 16 . 

The notation here used is that at the top of 
Table VII., p. 699, giving the compass of the 
various instruments. The first note or pedal 
is shown in square brackets and is very 
seldom used musically. Indeed, it is not 
strictly in tune, but is somewhat displaced 
in pitch in order to bring the other notes 
that are used into more exact tuning. Again, 
the 7th, 11th, 13th, and 14th notes are in 
round brackets to indicate that they are 
not in exact tune with the notes shown by 
6b > /> and a, nor indeed with any notes in 
the tempered scale in use. But, if the instru- 
ment is a good one, the notes in question have 
the frequencies shown by the numbers 7, 
11, 13, and 14. It is seen that the series of 
open notes give some approximation to a 
diatonic scale in the top octave but not in 
the lower ones. In the original form of the 
horn (which is very ancient) no valves were 
provided, and the fist had to be used to 
modify the open notes if an approach to 
the ordinary scale were required in parts of 
the compass where the open notes left large 
gaps. For this reason the French horn with- 
out valves is often called a liand-hovn. But 
when the instrument was used without valves 
there were still gaps in the lower parts of its 
compass where the open notes are a musical 
fourth or fifth apart. To meet this deficiency 
horns were used in various keys by the addition 
of coiled tubes, called crooks, near the mouth- 
piece. The crooks were of different lengths, 
so as to put the horn in A, Ab, G, F, E, Eb, etc. 
Thus, by having some horns in one key and 
some in another, a composer could get all 
the notes he required. Such crooks are still 
used on the French horns with valves, because, 
by putting the horn in a suitable key, more 
open notes are obtained. In order to tune 
the horn some parallel tubing is provided, 
of which one piece like a (J can be drawn 
out at pleasure. This is called a tuning 
sUde. When no valves were used the horn 
would have a characteristic of its own, 
owing to its scale hmitation, apart alto- 
gether from its special quality of tone. 
The same thing is noticeable to-day in bugle 
calls and in fanfares on trumpets without the 
use of valves. 


S li’uRNOir Horn- with Valves.— Let 
iiH now eoiiHidoi' the use of valves to comijlote 
the chromatio scale on, a brass instrument. 
>S non valves act by putting in use additional 
longtlis of tubing and so flatten the pitch (see 
/' /</. 14). (This may be contrasted with the 
method of side oi)onings on the wood-wind 
iiistriunonts which shorten the portion of 
■fcubo in use and so sharpen the pitch.) For 
tiho I'ronoh horn the longest gap which it is 
ixiH’.OHsary to bridge is that between the 
Booond and third open notes c and g, a musical 
fifth apart. We thus need six different 
lengths of tubing to derive, from the upper 
noto f/, the notes /S, /. e, djf, d, and c#. Then, 
if tins longest gap is bridged; all smaller gaps 
fvre bridged also and with something to spare. 
Further, the valves will bo available to extend 
the scale down from c, should that bo required. 
.1 ho six lengths of tubing needed are supplied 
liy three valves, of which the middle or second 
valve adds sufficient length to depress the 
jiileffi a. semitone, the first valve alone flattens 
the pitch a tone, while the third valve alone 
flattens the pitch about a tone and a half, 
‘'.rium the combinations, second and third, 
give a flattening of about two tones, the first 
and third two-and-a-half, Avhile all three 


bo difficult to obtain and those below the 
bottom C shown in braces are difficult also.^ 
It is easily seen from the table below that 



in the higher parts of the compass alternative 
fingerings are possible. These would be 
indicated by writing notes in the lines so as to 


Tablid VIII 


SOALH ON FrUNCU HobN IN 0 



togisfcbor flatten the pitch about three tones. 
It may ho noted that the first and second 
valves are generally used together instead of 
tho third alone. The use of the valves, and 
the notes produced on a horn (or other valved 
instrument) in r, are shown in Table VIII., 
together with the order of tho partial or 
open note in use on tho total length of 
tubing. 

Any notes above the top C sho'ivn would 


fill up all the blanks, taking care to descend 
a semitone in each shift to the right. It 
may he noticed also that two valves (tho first 
and second) would give the chromatio scale 
over the upper part of tho compass. When 
a longer crook is fitted to tho French horn 

^ On the comet and some other valved instruments 
no note liigher than the G, wWch is the eighth open 
note, is usually employed, this limit being indieateci 
hy tho dotted line. On the cornet, however, tho low 
notes in braces are all readily obtained. 



oach. of tlie valves needs more tubing also. 
They are accordingly fitted with slides that 
are drawn out t(j suit. 

§ (39) Faulty Intonation of Okuinary 
Valves. — Let us now inquire if the valves 
can ho tuned so as to be strictly correct for 
use alone and in combination. Suppose that 
only the equal temperament is aimed at, so 
that the ])i'()blem is simplified as far as 
possible, hlven then the theoretical require- 
ments cannot bo met by ordinary valves. 
Perhaps the simplest way to see this is to take 
some concrete case as follows : Let the first 
and third valves give the depression of a 
musical fourth correctly, i.e. the length of the 
tubing is inereasod in the ratio 3 : 4. (The 
tempered intonation is practically equal to 
the just for this interval.) Then, if the 
second valve used alone depressed the pitch 
by an equal-tempered semitone, it will need 
to be f of its previous length to depress it a 
semitone when used along with the other 
two valves. If therefore the second valve 
is not altered when in combination with 
the othens it will depress the pitch by f 
of a semitone only ; thus leaving the note 
in question one - fourth of a semitone sharp. 
Honco, with throe ordinary valves, some 
oompromiao is inevitable. Thus, as exactness 
throughout the compass is impossible it has 
to ho considered on what notes mistuning 
will ho least objectionable. A glance at 
Table VIII., § (38), shows that the firet and 
second valves are more used than the third, 
which is scarcely needed in the upper range. 
x\ls<) the three valves together are needed 
only for one or two notes near the bottom of 
the compass. Further, it must be remarked 
that the rosonanoo of the instruments under 
oonaideration is much more spread in the 
lower part of the compass than in the u])per. 
That is to say, it is quite easy to blow the 
lower notes a little sharper or flatter than their 
natural f)itoho8, but diffioult to do so with 
the upper notes. Indeed, other things being 
equal, the diCfioulty of blowing a note sharper 
or flatter than its true pitch is proportional 
to its frequency.^ All these considerations 
point to the desirability of keeping the first 
and second valves, used alone or in combina- 
tion, as true as possible and allowing errors to 
aooumulato on the combination of all three. 
But to minimise the sharpness in this last 
case the third valve slide may bo made fairly 
long. Lot us now illustrate this by a numerical 
oxamfile. Suppose some cornet has an ap- 
proximate length of 60 inches of tubing from 
mouthpiece to boll when no valves are in use, 
and, for simplicity, let us ignore any modifica- 
tions in lengths that may arise from the fact 
that through the valves the tubing is parallel 
but is tapering both boforo and after, then 
1 See Phil. Mag., July 1913. 


the lengths to the nearest tenth of an inch 
required for the various notes in equal 
temperament are as shovm in Table IX. 

It is to be noted that the nominal note C is 
really the open note natural to the instru- 
ment. Next below are given the lengths 
that might be added by the ordinary valves, 
the total lengths of tubing so obtained, and 
the errors in length and in fractions of a 
semitone. It is seen that the Cjf and Fjf are 
about a quarter of a semitone sharp, and 
that the D# and Gj? are about one-seventh 
of a semitone flat. Also if the third valve 
be used instead of the combination of one and 
two, we have the E and A about a quarter of 
a semitone flat. ‘ 

§ (40) Equax Temperament with Special 
Valves. — ^Let us now notice the principle of 
certain special valves with which it is possible 
to attain equal temperament. This improve- 
ment has been introduced by two firms, the 
details of construction being different. In 
each case, however, the main principle is the 
same, viz. that when the third valve is used 
in combination with either of the others (or 
both of them) some extra length of tubing 
shall come into use over that in use with the' 
first and second valves alone or together. 
The effects of this arrangement are shown in 
the lower part of Table IX., by which it is 
seen that the lengths shown for the first and 
second valves are greater when the third is in 
use than when it is not. The results are seen 
to be errors so slight as to be practically 
neghgible. Hence, musically spealdng, the 
instrument is true to the equally tempered 
chromatic scale throughout, provided the 
open notes are so tuned. Messrs. Boosey & 
Co., of London, obtain this advantage by 
arranging that certain extra compensating 
knuckles of tubing shall come into use in 
connection with the first and second valves 
when, and when only, the third valve is de- 
pressed. They called their device “ compen- 
sating pistons.” 

Messrs. Besson & Co., Ltd., of London, 
have a pair of separate knuckles of tubing for 
the first valve, and a pair for the second also. 
One of each pair is called the short slide and 
comes into play when that valve is used 
without the third valve. The other of each 
pair is the long shde and comes into play only 
when the third valve is depressed as well as 
the valve in question. The arrangement of 
these pairs of slides (long and short below 
and above) is clearly seen from Fig. 15, show- 
ing one of Besson’s cornets with their “ en- 
harmonic ” valves. Each of the five valve 
slides may be drawn for tuning so as to reach 
the best adjustment. It seemed desirable to 
shoVv these valves at the outset in connection 
with the cornet, but it must be remarked 
that their use is more desirable in the 
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TTG, 16. — Cornet with Special Valves. 

enphonion and bombardon. These will be 
dealt with later. The much greater masses of 


air in. these bass instruments make it much 
harder for the performer to correct any faulty 
intonation by blowing so as to force the 
notes in tune. Whereas, with smaller instru- 
ments like the comet and trumpet, professional 
players often disdain all complications, since 
they are so expert. at forcing each note into 
tune. 

§ (41) The Bach Trumpet. — This trumpet 
is quite straight and allows the light to pass 
through it when the valves are not depressed. 
It is usually made in E'o and D, the change 
being made by using the Eb or the D middle 
piece between the valves and the bell. (See 
Fiff. 16.) 

As in the case of the French hom, this 
trumpet is made with two or three valves 
according to the musical passages for which it 
is required. Thus in Handel’s Messiah, for 
the trumpet obbligato in “ The trumpet shall 
sound,” the solo player generally uses an 
instrument with two valves only, the third 
valve not being required. Indeed this part 
was originally written for a valveless trumpet 






































of double length 
Then the high b’ 
tune from the 



and thorofuro an octavo lower, 
and Fit had to be blown into 
eleventh ojien note, which 
really lies between them in 
pitch. TIuh tniiupet has a 
tone of groat nobility and 
brilliance, but yet iti hub- 
oei)tibU5 of piano i)aHBagort 
arul is then coin])aratively 
mellow. It roaehoH eaBily 
the liighoHt notCH allotted to 
the orchoatral brass. It is 
tuned by the particular 
sotting of the micldle piece 
between the valve portion 
and the boll, a certain 




Fio. 10. 

Bach Trumpet. 


latitude being available at each end. Tt) 
put the instrument in the low pitch (or “ now 
Philharmonio ”) a small bit of tubing about 
an inch and a quarter long is inserted next 
to tho moutlrpiooe. The valve slides are all 
drawn tho correct distanoea when this bit la 
in use or when tho trumpet is f)Ht in I). 

§ (42) TnuMi'BTS rN Bb, F, ktc!.—- The trum- 
pets in ordinary use have tho tubing coiled 
up in tho fashion so familiar and as shown 
in Fi(], 17. This model changes easily from 
Bb to Ah by drawing tho slide as incUemted 
lightly at the right. This kind of trumpet 
is now made in C also and is muoh in use in 
orchestras. Fig. 18 shows the symphony 
trumpet in C with rapid rotating change to 
Bh made by C. G. Conn, Ltd., of Rlkhart. 



I'ka. IH. 
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Trnmi)ots in F and Fr, of tho same model 
as tho above, but without any rapid eluingo, 
are often used in orelies- 
tras for tho lower 
truuipcst parts. They 
can be set to Kb by the 
insorlion of a erook as 
shown in Fig. H). 

Trumpets iu Bb aro 
also made without 
valves for fanfaww, (\tc. 

'J'lu'ir scale is then ro- 
stricted to tho notes of 
tho harmonic, series of 
relative {retpieneies j 1 ], 

2, 4, r>, 0, 17|, 8, 

Tlio first and seventh 
notes are not generally 
uhckI. (Bee Fig. Jl/i, 

§ (r»2) (vi.).) Bugles iu 
Bb are similar as to 
the abscmc'e of valves 
and consequent rostrie- 
tion of scale, hut are 
Timro gently tapering 
from ihe bell ami so 
liavo a mellower, less 
brilliant tone. (See 
Fig. 84, § (52) (vi.).) 

§ (48) TitOMBtiNXSH.—We now oonsidor a 
family of brass inatnimentfl in which no 
restriction is placed 
on the intonation 
laiHslblo. Thus it 
may bo ef|ual tem- 
imrament or just any- 
thing tliat is wished 
and the performer has 
tho skill to attain. 

This is owing to tlie 
fact that the moohan- 
ism for tile scale 
consists of a U-aiide 
whicli; may lie drawn 
out so as to flatten 
the piteh eontinu- 
oualy liy any clesirefl 
amount to six senii- 
tonoB. When the 
slide is closed it is 
said to bo in tho Brat 
position. By extend- 
ing it to the second 
position the piteh is 
flattened a semitone, 
on reacliing tho third 
position the pitch is 
a whole tone lower, 
and so on to the full 
extension of tho slide, 
which is tho seventh 
position and involves 
semitones. On 
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a flattening of six 
comparing this arrange- 


iili with tho Hyskiru of throe valves it is 
ti that the lirst jxisitioti of the slide corro- 
tuls to the open notes on the valvod 
l<rumout, tho stxiond position to tho dopres- 
i of tlio so(!ond valve alone, the third 
lition to the use of tlie first valve alone, 
1 so on, the seventh position corroa[)()nding 
the nH(( of all three valves in coinhination. 
3 full eornpariaon may bo shown thus : 


lluT 7th. 

.ti'iihiK ill- 
iilvwl 


}» 


■ * \ tones. 


I'eHpondliigX ,, a , 
'ftlVI'H / ^ 


1 a 1 

2 S 3 


ilido troni hones are made of various pitches 
led alto, tenor, and hass trombones; these 
are in Eb, Bb, and G 
respootivoly. 'A tenor 
troni hone is shown in 
f iff. 20. At tlio top end 
is seen tho tuning slide, 
and it may ho noticed 
that its plane is at right 
angles to that of tho 
long slide used for the 
scale, whieh extends 
downwards from tho 
mouthpiooo. This sot- 
ting of tho two bonds at 
right angles is "a peculi- 
arity of slide trombones, 
and distinguishes thorn 
from all other instru- 
ments, in whieh the coil- 
ing of the tubing is 
almost parallel to one 
plane. Although tho 
slide of the trombone 
allows of perfect intona- 
tion, it calls for addi- 
tional skill on the part 
of tho performer to take 
all the positions with 
readiness and right ad- 
justment, Further, it 
calls for great care on 
the part of the makers 
as to tho right propor- 
tioning of the taper 
and curvature of the 
tubing. In any brass 
instrument there is 
ell diffiouity in obtaining a tube of such 
tpe as to give the harmonic series of open 
in tune down to tho second. This 
[ioulty is enhanced when tho taper is 
errupted by a parallel portion to act as a 
ling slide or a sot of valves. Now in the 
,e of the throe ordinary valves there must 
a length of parallel tubing provided suffi- 


Fio, 20. 

lor Trombone in Bu. 


cioiit to flatten the pitch three tones. The 
])art of this length in use varies from nothing 
to the full amount. But in the slide trombone 
an additional length of parallel tubing suffi- 
cient to flatten the pitch three tones must 
ho drawn out for the seventh position, and 
tho same length of parallel portion must be 
present for tho slide to close upon into the 
first position. Hence in the slide trombone the 
length of parallel tubing provided is double, 
that required for three tones, the amount in use 
varying from the half to all of it. Again, in 
tho slide of the trombone Ave liave a slight 
change of diameter inevitable on passing 
from the parallel fixed portions to the 
movable loortions of tubing which slide 
upon them. To minimise complications and 
avoid a “ break ” upon certain notes this 
difference of diameters must be as small as 
possible. 

The trombones are capable of great power 
and have a rich arid brilliant tone. Hi- the 
hands of sympathetic performers they are also 
capable of pianissimo 
effects of great beauty 
and value. The somewhat 
uncouth mechanism for 
the scale forbids their use 
in quick florid passages, 
especially in the lower 
jiarts of the scale where 
the extreme positions of 
tho slide are needed. 

They shine rather in slow 
movements of a certain 
stately grandeur. It may 
bo noticed in conclusion 
that tho possession of the 
slide confers the power to 
produce the grace called 
portamento, or the con- 
tinuous gliding of the 
pitch from one note to 
another. This power in 
its complete fulness is 
otherwise possessed only 
by the instruments of 
the violin family and by 
the human voice. 

A slide trumpet is occa- 
sionally used for oratorios 
and other purposes. It slide Trunipot, 
is very little different 
from the trombone in essential qualities, so is 
included hero (see Fiff. 21). By the use of 
crooks it can be put in various keys. 

§ (44) Valvbd Ikstruments op Brass 
Band. — We now notice the instruments which 
form a complete family of similar units and 
constitute the brass band proper, to which 
may be added trombones and trumpets. All 
the various elements of this family have 
valves, usually three only, but some of tho 



bass ones occasiimally have four or ovon iivo 
valvos. Boginniug at tho uppor part of the 
compass and passing down to tho bass, wo 
havG in order the following oliiof instruments : 
Et» soprano, Bb cornet, Eh tenor horir, Bh 


(Tho orchestral tidia in d is a note above ilie 
BI 7 bombardon.) 

Of tho main instruments, tlio lirst four, 
soprano, cornet, toutn- horn, and euphonion, 
may bo compared to the four varieties of 



Fia. 22. — Kb Soprano. 


Fia. 23.— Bb Cornet. Fiu. 2-1 .—J>b Totior Horn. 


euphonion, Eh homhardon, BBh monster bom- 
bardon. These are shown in Fuju. 22 to 27. 
Others of seeondary Irniiortanee are Hb flucgel 
liorn, same ])iteh as tho cornet ; Bh baritone, 
.same i)iteh as tho euphonion bub of smaller 
tubing ; Bh Ijombardoir, same pitch as JiBb 



Iriu. 25.-— Bb ICupbonlon. 


monster but of smaller tubing. Thus, glan- 
cing at tho list, wo see that the tenor liom 
is an octave below tho aoj)rano, while tho 
bombardon, in Eh is an octavo below tlio 
tenor horn. Again the euphonion is an 
ocstave below tho cornet, while the Bh bom- 
bardon is an octavo below the oui)honlun. 


human voice, sniirano, oontralto, tenor, fmd 
boss. Tlie bombaitloua diiler from tlio 
euphonion more in getting greater powc'r on 



Fit). 2(1. — Kh Bonibardon. 


tho kw notes than in going so much lower. 
This is duo U> tlio fatd that the om»hnnion 
is often pKivided with a fourth valve to enable 
it tj» take tho full chromatic scale down to its 


td This fourth valvo lowers the 

ih about a imisical fourth, so by it, in 
junetiou with the others, the player can 
Ige the gap of an oetave between the 



I'To-. 27 .- — .IJBb Monstor Bombardon. 


)nd open note and the pedal or first of 
same name. This device is occasionally 
)liod, howovor, to tlio Efc> bombardon also, 
either case the lingering is as follows, the 
08 being written (! to C as is usual for any 
VO instruments playing from the treble 

“vo}«- '»• A. 0|. 0. i'l P. B. 

airing Qf\ 0 0 18 ^ 2 8 
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n those bass instruments the compensated 
.ons or onbarmonio valves are specially 
jortant. For the mass of air to be sot in 
ration is very much greater than in the case 
higher and smaller instruments. Conse- 
mtly it is hardor for the ])la.yer to elicit 
.ill and powerful tone unless the resonance 
t its host, because no forcing to a somewhat 
erent pitch is needed. It may also bo 
:i that with uncompensated valves the 
act would bo emphasised by the addition 
r fourth valve to be used with them down 
Jio pedal. 

)f the instruments now under review, each 
a somewhat different voice and utterance 
well as compass), and each has its appointed 


place to fill. The cornet is specially prized 
as a solo instrument, and next to it the 
euphonion, the two being roughly comparable 
to a contralto and a bass soloist. By the 
device of double-tonguing (borrowed origin- 
ally from the flautist) very rapid iterations 
on the cornet are quite easy. Also the attack 
may he varied from one of almost ideal smooth- 
ness to the other extreme of declamatory 
abruptness, the tone very varied to match. 
Staccato and legato playing are equally easy, 
shakes and turns (though, not quite so fine 
as on the strings or wood- wind) can be readily 
executed, and just a slight suggestion of 
portamento is possible. A wide range of 
power from double forte to pianissimo is at 
the disposal of the competent performer, 
either over a succession of detached notes 
or in the crescendo and decrescendo of a 
sustained note. Further, the grace called 
tremolo is possible on the comet and may be 
easily indulged in too freely. This embellish- 
ment appears to consist of an alternate wax- 
ing and waning of the sound a few times per 
second, produced by vibrating the instrument 
in the hand. But the comet may be and often 
is vulgarised, as it lends itself so easily to 
music that is frivolous and ephemeral. Most 
of the above jiowers belong as weU to the 
trumpet as to the comet, but the trampet, 
having a more noble and. brilliant tone (and 
often associated with wood- wind and strings), 
is usually reserved for loftier utterances and 
is concerned rather with the clash of battle 
or the pomp of regal appearances than with 
the more commonplace occasions of life and 
the sentiments appropriate to them. 

Comparing for a moment the piano, organ, 
bowed strings, and wind instruments, we see 
that the first lacks sustaining power, the 
second lacks accent, while the rest have both. 

In compensation, the first 
D|. 1). C#. C«= pedal. two are harmony in- 

2 1 1 struments in themselves, 

8 8 g 0 while the rest are only 

4 melodic components of a 

concerted harmony. 

§ (45) Hxtman Voices. — In many respects, • 
to the human voice must be conceded the 
highest place among musical instruments. 
For the variety and depth of expression which 
can be concentrated into a single note, it 
stands unrivalled. Though the compass of 
any one voice may be less than that of most 
instruments, the four varieties taken together 
range over and exceed the limits of the treble 
and bass staves. Among the women’s and 
men’s voices and the boy sopranos we have 
also a delightful variety of tone quality and 
aptitude for music of distinctly different 
characters. But the chief characteristic of 
the human voice is its unique power of so 
modifying the quality of the sustained sounds 




and 80 H])ecialiKiag their Htarfc and ceBsatiou 
as to give vittoraneo to vowels and consonants. 
Tliat is to say, tiro human voice alone (lan 
render tlio words as well as the musio. l'’or 
the vowels consist of a very special quality 
of sustained tone whiith may ho called vmml 
qxialUy. Of tlio consonants some are ])rudueed 
by specially ra])id and irregular vibrations 
preceding or following an intermediate vowel. 
Some other so-called consonants can bo sus- 
tained as long as any recognised vowel and 
have soioirtilicaliy the right to bo classed as 
vowels. The letter s is a ease in point. 

This is not the place to outer into any 
minute anatcunical examination of the human 
organs of song and apooeh. A very cursory 
notice of a few salient features must sullico 
here. Adhering then to our usual subdivision 
of the essential parts of a musical instrument, 
wo may, for the human voiee, state briefly 
as follows. The exe.iler is the breath from 
the lungs via the windpi[)o. The vibrator of 
definite pitch is the pair of vocal cords (or 
ligaments), which form a partial obstruction 
across tlio larynx (or voice-box) and leave only 
the vocal cihink or slit between them fur the 
passage of air. The remnntnr is triple, consist- 
ing of the cavities of tlie pharynx (or upper 
part of the throat), the mouth, and the nose. 
These are modified by the tonsils, the soft 
palate, the tongue, and the lips. The 
mechanism for the scale consists of the set 
of muscles which control the position, tension, 
and tlieroforo also tlio vibrations of the 
vocal cords. The vocal cords in a state of 
rest are about throe-quarters of an inch long 
in men, and about half an inch long in women. 
When preduoiug a musical sound the vocal 
chink (or slit botwocu the vocal cords) is 
alternately closed and opened at the reepurod 
frequency, depending on the tension of the 
vooal cords, their length, mass, and loading. 
The air-blast is, in eonsequencie, checked and 
allowed to pass alternately and at the right 
froquonoy. Thus the loudness and pitch of 
a note depend upon the amplitude of vibration 
and frequency of the vocal cords, and eonso- 
quently upon the muscles which supply the 
blast and sot the vooal cords in the precise 
state required. It may bo remarked that the j 
resonator, having soft walls, is unable to 
modify the pitoh fixed by the vooal cords. 
Upon what <loos the quali ty of the ton e depend ? 
Clearly, (a) upon the exact nature of the vibra- 
tions executed by the vocal cords and so 
impressed on the issuing air, and (6) upon the 
resonant cavities which mculify those vibra- 
tions, encouraging some partials and relatively 
discouraging others. That special quality 
which wo recognise as constituting a given 
vowel appears to be duo to the special favour- 
ing by resonance c)f any partials mnir a given 
fixed j>Uch,v}haUver the pilch of the prime may be. 


'I'liuH, the vowel oo, as in juoon, is character- 
ised by the favouring of those partials whoso 
fi'cqueueies are near 175 per soeoud. Accord- 
ingly, a muHie-al note whose ])rirao was 87*5 
per secaiud with a very loud second partial 
(175) would sound like do; so also would a 
musical note whose prime was 175 per second, 
if the prime, itself were very loud com]iarcd 
with any of the u])per jjartials. It is easily 
seen that the e-avilioa afl'ceding the luimaii 
voice may he set at will to res])ond to various 
|)itchos and thus give uttoraueo to the corre- 
sponding vowel. Further, if a given vowel is 
sung in notes of different pitches, then the 
sotting of palate, tongue, and lips must bo 
])i-csorvod iinehangod to kooj) the same vowel 
(according to the above statoniout) while the 
vocal cords are altered to change the pitoh of 
the prime. And this is a matter of experience, 
as any one may verify. 

§ (40) (loMI>ARI.SON OB' TUTS VoiClE WITH 
OTHER Inhtkumknts.— W e may now naturally 
comfiaro the human voiee with other musical 
instrnmouts as to the power left to the per- 
former to control the (luality of tone produced 
and in other respects. 

In the case of the jiiano the quality varies 
somewhat with loudness, hut iirobably the 
performer has little or no control over it ft)r 
any spocifiod degree <if loudnews, though ho 
often imagines he has. Indeed it Booms 
scarcely possible that he should have such 
control. For the maker has sottlod the shape 
and (juality of surface and mass of the hammer 
and the place on tlio string to bo stnicik by it, 
also the sound-board and bridges ; and upon 
all these the (luality depends. What choice 
remains to the periormor ooncorning an 
individual note played without use of ])edals ? 
The speed at which the hammer shall strike 
the string. This ajipears to be the solo 
variable at the disposal of tlio performer, 
esf)ocially in the ease of pianos in which the 
Iiammor is free from the moehanism of the 
action before it strikes. But of course for 
oaoli note stmek there may ho a different 
speed !)f striking in use and consequently 
a different quality of tone elicited. Thus 
an air or certain notes in it may bo made 
distinct from tluise of the accompaniment 
by a different degree of loudness and ocm- 
soquont diltorence in quality of tone, and 
the power to produce this difference is at the 
instant disposal of tlio jierformer. 

In the organ it is the maker again who has 
controlled the quality of tone in the pipes 
of each stop. The performer has no power 
over that and can siinjily mix as ho chooses 
what is provided for him. But oven so, what 
a vast field is placed at his disixisal ! Whore 
only ten stops tiro available over a given 
c;om()fisH, if all were suitablo for the purpose, 
no hiss than 1023 different combinations are 



possible. (This is easily seen if we note that 
there are 10 ways of taking a single stop 
and 10 more for nine stops, 45 ways of taking 
two stops and 45 for eight stops, 120 ways for 
three stops and 120 for seven, 210 ways for 
four stops and 210 for six stops, 252 ways for 
five stops, and, finally, only 1 way of taking 
all ten.) Again, for twenty stops the number 
of combinations is 1,048,575, or 500 per week 
for about 42 years ! The varieties of tone 
quality at the disposal of the organist are, 
however, available only for broad effects, and 
not for single notes as in the case of the 
pianist. 

In the case of the violin much has been 
done by the maker and the age and ripening 
of the instrument, but very much is still left 
to the performer. He may re-set the sound- 
post to his liking, he may choose his strings 
to suit the particular in- 
strument, also his bow, 
and take care that it is 
well haired and properly 
rosined. He may often 
choose upon which string 
a certain passage shall 
be taken. He must 
always choose the place 
of bowing, the pressure 
and the speed, and can 
vary these at will for 
each string, for every 
stop upon it, and for 
every instant while the 
note lasts. And all 
these variables affect the 
quality of the tone. 

In the case of the 
wood-wind there is the 
right application of the 
player’s bps to the flute, or to the reed of the 
oboe or clarinet, and the appropriate pressure 
and air supply. And these variables must be 
changed in concert for the different notes 
and for every variety of light and shade on 
each. 

On the brass instruments there is the right 
application and tension of the lips to the mouth- 
piece, and the corresponding suitable pressure 
of air and speed of supply to be arranged and 
maintained for each note of the scale and each 
degree of loudness or delicacy with which it is 
produced. 

But, in playing all the foregoing instruments, 
there is no possibility open to the performer 
of appreciably varying the character of the 
resonance arrangements applicable to each 
note. That has been settled beforehand by 
the maker of the instrument. 

In these respects the human voice has at the 
command of the singer resources not offered 
by any musical instrument fashioned by man. 
For not only can the human voice be con- 


trolled at the very seat of its production, 
where the breath passes between the vocal 
cords, but the resonant cavities which modify 
the original vibrations are all under control 
also. Hence the final resulting quality may 
be varied from instant to instant so as to 
render tones expressive of triumph, menace, or 
entreaty, or passing from artless gaiety to 
pathetic wailing. 

§ (47) Drums. — As is well known, the exciter 
of a drum is the drumstick, the vibrator is 
the circular membrane called the drumhead 
or skin, the resonator is the chamber between 
the two drumheads, or, in the case of kettle- 
drums, the space below the single head. In 
the case of ordinary drums, bass or side, there 
is such a jumble of sounds produced that it 
is extremely difficult to assign any definite 
preponderating pitch to the resulting effect. 

In the case of kettle- 
drums it is quite possible 
for the trained ear to 
detect the preponderat- 
ing pitch and to tune 
the drums to the note 
required. In Fig. 28 
is shown an orchestral 
kettledrum in which the 
T -shaped tuning handles 
are clearly seen. It is 
customary to have three 
kettledrums in an 
orchestra, all under the 
charge of a single drum- 
mer. The drfimsticks 
may be entirely of wood, 
or have felt heads, or 
have heads of cork 
covered with chamois 
leather. Berlioz ex- 
pressed a preference for drumsticks with their 
heads covered with sponge. 

§ (48) Lateral Vibrations oe Bars and 
Tubes. — ^If a thin uniform bar of metal, glass, 
or w^ood is supported at two places rather 
more than a fifth of its length from its ends, 
and then struck or otherwise excited, it will 
execute its slowest lateral vibrations and 
sound its corresponding fundamental note. 
Other higher notes are possible to the bar if 
supported at two of the places which are 
nodes for those higher sounds. If the funda- 
mental for such a bar be the note c, then 
the first few of the series are approximately 
f'%, S", d"', a'". Expressed more accurately 
by their relative frequencies these would be 
1, 2-766, 5-404, 8-933, and 13-345 respectively. 
It is seen that the possible partials of this set 
rise in pitch much quicker than those of 
strings, open parallel pipes, and open-ended 
cones closed at their vertices. Indeed, except 
for the second partial, they rise quicker even 
than those for a stopped parallel pipe, which 



Fig. 28. — Kettlednim. 



has the series 1, 3, 5, 7, 9, etc. The 
sounds of these bars afford a good example 
of inharmonic partials, i.e. those whose 
frequencies are inexpressible by small whole 
numbers. 

Sets of bars supported so as to emit their 
fundamentals when excited, and arranged 
to give the chromatic scale over about two 
octaves, are used occasionally in orchestras 
under the name of glockenspiel (chime). The 
bars are struck by little mallets or strikers 



Pig. 29. — Glockenspiel. 


(see Fig. 29). Bars with both ends free, as 
here dealt with, are often called free - free 
bars. 

Instead of bars laid horizontally and sup- 
ported at two j)oints, tubes (or bars) may 
be hung vertically and struck with a mallet 
or beater (padded or bare) and so imitate 
bells to Some extent. They are usually made 
in octave sets of 8 tuned to the diatonic scale, 
or 13 tuned to the chromatic scale. (See 
Fig. 30.) On referring to § (50) it will be 
seen that the quality of tone of a church bell 
is different from that of a plain bar or tube, 
since its partials form a distinctly different 
series. 

§ (49) Tuning Forics. — ^As a standard of 
pitch for ready reference a tuning fork is very 
convenient as it has no need of supports at 
special places like a free-free bar. Each prong 
of the fork is very Hke what is called a fixed-free 
bar, being practically fixed in the massive 
part near the shank where the prongs unite, 
but free at the other end. A single fixed-free 
bar would be very unsuitable as a standard 
vibrator since it would be unbalanced and 
therefore need a very massive base to fix one 
end. The tuning fork always vibrates with 
its prongs both out or both in together, and so 
balances itself and consequently needs very 
Kttle support. It should be noted that a fork 
lightly and carefully bowed at or near the 
ends of the prongs emits practically its prime 
partial only. Its second partial is very high, 
having about 6-6 times the frequency of the 
prime. This is obtained when a fork is struck 
on a bare table or other hard surface. The 


prime is much fuller when the fork is mounted 
on a suitable resonance box. 

.§ (50) Bells. — ^As we have already seen, 
the musical string, whether of catgut or metal, 
is very simple in its behaviour and yields the 
full series of harmonic partials. A membrane, 
though flexible like the string, is two- 
dimensional, having length and breadth 
instead of being almost confined to length 
only like the string. Hence its vibrations 
are much more complicated than those of a 
string. We may approach the vibrations of a 
bell by way of those of a straight bar, which 
we have seen consist of a set of inharmonic 
j partials. When the straight bar is replaced 
by a bent one in the form of a fork with 
special mass and shank at the bend, the vibra- 
tions are still more complicated. If we now 
pass to the case of a beU, whose sides are like 
a number of prongs all united into one of 
circular form, we have far more complication 
still, even if the sides and top were uniformly 
thin. If the top and the different levels of the 
side have all varieties of thickness, then the 
' state of things is quite beyond rigorous 
I mathematical treatment. We can only derive 



some guidance and light from a combination 
of theoretical speculatioir and experimental 
tests. Thus we might expect the bell to show 
nodal meridians, or lines where an axial plane 
cuts the surface, and along which there is no 
radial displacement. Again, we might expect 
there would be nodal circles where planes 
perpendicular to the axis cut tlio surface. 
Both these surmises are verified by experi- 
mental tests. It should be noted that a 


ode for radial motion may be an antinode 
Jr tangential motion. Bell-founders recognise 
ve chief tones or partials in the sound of a 
hurch bell. Beginning from the highest these 
re called the nominal, quint (or fifth), tierce 
jr third), fundamental, and hum-note. The 
ominal, fundamental, and hum-note are 
paced about an octave apart. The other two 
pproximately fill in the fifth and minor~t\\ivd 
1 the upjjer octave. At one time none of the 
ve were in any exact relation that could bo 
xpressed by small whole numbers, i.e. all 
!ie partials were inharmonic. But, by turning 
r boring at certain regions of the bell, it was 
fterwards found possible to get the three 
lain notes in the true octave relation or nearly 
j. It has now been asserted that one firm of 
ell-founders is able to tune each of the five 
jnes of a church bell true to a single vibration 
er second. 

§ (51) FoG-HdRNS. — For the warning and 
uidance of mariners fog-horns are erected 
n capes and other important points, and serve 
be same purpose during a fog that a light- 
ouse serves during the night. Small ones 
lay be worked by hand power, but large ones 
re driven mechanically by an engine or motor 
f some Idnd. The passage of air in the throat 
f the apparatus may be alternately inter- 
upted and freed by a revolving disc or 
ylinder Avith holes or slots wliich pass similar 
penings in a corresponding fixed plate or 
ylinder. Such an arrangement is called a 
Iren. The sound thus originated is reinforced 
nd directed to its objective by a large horn. 
Ihis may be twenty feet long and taper from 

fcAV^ inches diameter at the throat to five 
r six feet across at the mouth of the bell, 
f (as is usual) the sound is required to spread 
ver a large distance horizontally and a less 
istance vertically, then the mouth of the bell 
! made elliptical with the major axis vertical 
nd the minor axis horizontal. For the less 
ny diameter of the bell is the better does 
he sound spread in the directions of that 
fameter. This is an example of the diffrac- 
ion of sound, a phenomenon more frequently 
aet with and studied in connection with 

Lght. 

§ (62) Frequenoibs of Sound Produoers 
ALOULATED. — ^We now notice how the fre- 
uency of a simple sound producer may be 
aloulated so that arrangements may be 
lade accordingly in any actual case. 

(i.) Strings. — In the case of strings displaced 
ransversely we may note first that the speed ^ 

^ Sometimes surprise Is expressed that sufRcient 
ingo can be obtained with so small a throat. No 
ach difficulty need be felt when It Is remembered 
hat the mouthpiece of a cornet narrows to one-fltth 
f an inch in diameter and that its sounds may be 
eard with ease half a mile away. 

“Sec “Strings, Vibrations of”; also Rayleigh, 
lOund, i. chap. vi. 


of propagation of such a disturbance is given 
by v= fJiiS'/m), where F is the stretching 
force in dynamic units and m is the mass of 
the string per unit length. Thus, if we want 
V in cm. per sec., we should take F in dynes 
and m in gm. per cm. If, on the other 
hand, F is expressed in poundals and m in 
pounds per foot, v will be obtained in feet 
per sec. 

Suppose now a harp string be plucked near 
one end, then the disturbance passes along to 
the far end, is there reflected with a reversal 
of the displacement, comes back to the end 
where it first occurred, and is there a second 
time reflected with a reversal. Hence after 
passing over twice the length of the string 
the original state of things is almost repeated. 
Thus, the time in question must be the period 
of vibration. Or the reciprocal of that must 
be the frequency of the string. But this will 
be the number of double traverses accom- 
plished in one second, and therefore equal to 
the speed of propagation divided by twice the 
length of the string. Thus, for the frequency 
of the fundamental (or prime) of the string, we 
have the expression 


’■~2L~ 2L ’ 


( 1 ) 


where is the frequency of the prime for a 
string of length L. The violin family falls 
under this class. So the pitch is raised by 
stopping a string on the finger-board and 
thereby shortening its vibrating length. 

For the other possible partials of the string, 
we imagine it vibrating in two segments 
with a node at the middle, in three segments 
with two nodes at the points of trisection, 
and so forth. Thus the virtual lengths for 
these become half, third, and so forth of the 
whole length. Hence the upper partials have 
frequencies double, treble, etc., that of the 
prime. Or 


•^ 1 — 2 3 4 ’ 


( 2 ) 


where Na is the frequency of the second partial, 
etc. On this principle harmonics are obtained 
on the harp, violin, etc. 

(ii.) Open Pipes. — The case for parallel 
2Jipes open at both ends is very similar to that 
of strings. We are concerned with the speed 
of propagation in the air ^ or other gas filling 
the pipe, and with the number of traverses of 
its length L before the original state of things 
is approximately repeated. (See § (33) (i.).) 
Thus, for the open pipe, since at each end a 
compression is reflected as a rarefaction and 
vice versa, two traverses complete the cycle 
and constitute the period. Or the frequency 
of the prime is the speed divided by the 


° See “Vibrations of Air in a Tube.” 


double length of the pipe. Hence we may 
write 

2L 2L 

whore is the frequency of the i>rimo, L 
the length of the iiipe, v the speed of sound 
in the gas, P and 1) its pressure and density at 
tompcraturo 1° Cl, k the ratio of its specific 
heats, and Wq the 8i)eod of sound in the gas 
at 0” 0. 

By subdivision of the pipe into segments 
wo SCO that quicker vibrations can occur, 
and that the conditions for those segments 
are (a) antinodos at ends, with {b) freedom to 
have either nodes or airtinodes at other places 
in the pipe. Hence tlio pipe may subdivide 
in 2, 3, 4, etc., segments. (Sec Fig. 5, § (33).) 
Thus we have for the frequoneios No, Ng, N^, 
etc., of the upper partials 

(iii.) Correcliona for Mouth and Open End ,. — 
We have hitherto Hup])oBe(l that the reflection 
occurs exactly at the end of the ])ipo. In 
reality tliere is an end correction nooded,i as 
though the pipe wore a little longer, or as 
though the vibrations extotvded a little beyond 
the end before reflection ociourred. For a 
cylindrical pipe without any flange this 
correction is throe-tenths of the diameter. 
Further, if the fully oi)en end needs a correc- 
tion, as though it were not open enough, 
much more must there bo a oorreotion for the 
mouth, which is far less open. This ooiToction 
is of the order l'3fl times the diameter. Thus 
the two together make about five-thirds the 
diameter. Hence, if wo denote by e and m 
the end and mouth oorreotion respootivoly, 
(3) and (4) may bo rewritten thus, 

^ 2(lw -I- m + e) ' 

. . ( 0 ) 

The flute falls under this category. So the 
pitch is raised by o]>ening a side hole and 
thereby shortening the vibrating length in 
use. But it is noteworthy that the end 
correction e will be much greater for a side 
hole than for the open end of the flute. And 
the smaller the hole tlio greater the oorreotion. 

(iv.) flopped Pipe.a.—AB iwoviously shown 
(see § (33) (ii.)) the disturbance passes four 
lengths of a stopped pipe before the original 
state of things is repeatod. Hence for the 
frequency of the prime wo may write 

N ^t'oV(l+(<7273)) 

" 4(L + ?n) ’ . • ' ^ > 

‘ See llayUtlgli, Sound, 11. 201 ; also ibid, chap, xll. 


where is the speed of sound in the gas at 
0° C., t is the temperature of the gas in the 
pipe, L is its length, and m the correction for 
the mouth. 

Further, as we have seen (§ (33) (ii.)) that 
the second partial has three times the frequency 
of the first, the third partial five times the 
prime frequency and so on, we have 

= = ^7etc. . . (8) 

The clarinet falls approximately under this 
category, hence its special tone quality and its 
overblowing the twelfth. It is also seen that 
the opening of its side 

holes shortens the vLuex limai 

vibrating length and so 4- j -x 

raises the pitch. i i 

(v.) Conical Pipes . — ! f 

Lot us now consider i 

the case of a conical I o 

pipe closed at the vortex 

and open at the base, J 

Tlion it is found that 

there is atr antinode at q.. _ q 

the open end and that 

the other antinodes ^ 

occur equidiatantly just '* 

as if the whole pqje x 

wore jmrallel and open ^ ° 

at both ends. The 

nodes, on the other 

hand, are displaced to- 
wards the apex from o -o 

the intervening equi- 
distant positions they 

would occupy in a 

parallel i)ipo. Moreover, x ^ 

those antinodes near 

the open end are dis- 

placed a little, the 

others more and more ^ ^ 

till the last is always Open' 

displaced right up to Mouth 

the vertex. (See Fig. Fig, 31.-- Conical Pipe. 

31.) Thus, with due 

correction for the open end, the possible 

frequencies for this conical pipe are given by 

'"'2(L + e) " 2 (y) 

whore N^, Na, etc., are frequencies of prime 
and partial, is speed of sound in the gas in 
use at 0° C., L is the actual length of the pipe 
in use, and e the end correction. In the 
figure the antinodes are shown by circles, 
the nodes by crosses, and their undisplaced 
position by dots. The pipe is shown speaking 
its third and its sixth partials. 

This case includes (approximately) the 
oboe and bassoon. It should be observed 
again that the end correction e will be much 


norc tor a small side hole than for the termina- 
aon of the pipe at the boll mouth. It is easily 
oca that the mouthpiece and bell involve a 
iiglifc departure from the simple form of the 
(leal ctono, 

(vi.) Hyperbolical Pipes with Mouthpieces . — 
10 case of all the brass instruments with 
lUfipod mouthpieces falls under this class, which 
LCioordingly merits special attention. It may 
lOorn that the simple cone and the larger brass 
tiatruiuonts have very little in common, but 
the wide gap between 
them may be bridged 
by a number of quite 
small steps. Take 
first the tandem horn 
shown in Fig. 32, and 
next the drag horn 
shown in Fig. 33. 

The first of these 
departs but slightly 
from the simple cone, 
the second rather 
more. But neither 
of them disturbs ma- 
terially the sequence 
of the jiartials jios- 
sible to the pipe. 
This is on account 
of the hyperbolical 
curvature of the sides, 
which is purposely 
introduced in order 
to counteract the 
disturbing effects of 
the bell and the 
mouthpiece. The 
great length of such 
straight tubes is 
often very incon- 
venient. Therefore 
they are often coiled 
up into a compact 
form. Thus, the 
tandem horn gives 
place to the bugle 
(see Fig. 34), and 

FlU FIG 33 horn to 

'nndem ifom. DraRHorn. ^ho cavalry trumpet 
(see Fig. 36). 

When the ideal cone is departed from by 
utroduction of boll and mouthpiece, it is 
IfRoult to so model the pipe as to retain all 
ho partials in their strict harmonic relation, 
'ho practical escape from this difficulty for 
lualoal purposes is highly interesting. Such 
eurvaturo is adopted as will keep all partials 
ri relative tune except the pedal, or prime of 
he whole series. A mouthpiece is adopted 
diieh is usually too small to allow of the easy 
roduction of the pedal. Then the others are 
U musically available, and the largest gap 
:> 1)0 bridged by valves or slide is a fifth 

\0h. IV 


1 


(between open notes 3 and 2) instead of an 
octave (between open notes 2 and 1). The 
resultant set of partials for some forms 
of tubing involves a 
sharpening of the pedal 
from its pitch as in the 
cone, but more often we 
find in use a form of 
tubing involving a flat- 




Tig. 34. 

The Duty Bugle. 


Fig. 35. 

The Cavalry Trumpet. 


tening of the pedal. The two cases are con- 
trasted with the simple cone in the following 
approximate statements of frequencies. 

Trumpet and Comet . 2, 3, 4, 5, G, 7, 8, etc. 

Simple Cone . . . 1, 2, 3, 4, 6, G, 7, 8, etc. 
Euphoiiion and Bombardon jj, 2, 3, 4, 5, G, 7, 8, etc. 

If, therefore, we seek the length for a brass 
instrument of a given pitch, it is easily seen 
that there is the choice to bo made between 
calculating for the mistuned pedal or for the 
other notes musically in tune. Again, if the 
pitch is to be right at a given temperature of 
the room, there is the further uncertainty as 
to the actual temperature (and moisture) 
of the player’s breath in the instrument when 
in, such a room. It is difficult to settle any 
of these points with precision. In the mean- 
time it is instructive to work out a concrete 
case for a simple cone and compare the result 
with an actual instrument, say the Bj? cornet, 
whose length has probably been fixed by 
experience. The military pitch of the treble 
Bi> is 479-3 vibrations per second at 60° F. 
= 16j|° C. Thus for the length L of the cone 
with end correction e we have 


L 


1089-1- (2 xl5g) 
2 x(479-3-t-4) 


_1120lr 

“ 239- 6 


=4-676 ft. (10) 


If the diameter of the base is 4-5 in., we have 


Hence 


e = l-35 in. 


L = 4-676 X 12 -l-35=56-l -1-3=54-8 in. 


The length of the tubing of a Bp cornet by 
Boosey Sc Co. measures 54-5 in. when in the 
military pitch. It thus appears that the 
various departures of this case from the 
simpheity of the cone are almost com])ensa- 
tory. As to what some of the separate 
departures are we may note the following. 

3 A 


The player’s breath has a temperature ■well 
over 80“ P., as may be found by breathing 
on. a thermometer. Suppose the breath 
leaves the comet at about 64“ P. (as a simple 
test showed), then the mean temperature in 
the instrument may be taken at say 77° P. 
or 25° C. Further, the moisture due to the 
breath might be accountable for an extra 
6 ft. per second in the s])eed of sound. Then 
tho speed of sound in the cornet might be 
1089 -P (2 X 25) -I- 5 = 1 144 ft. /sec. Again, taking 
tho pedal as exi^ressod by | instead of unity, 
its frequency would be f of (479-4-4) = 100 
po:" sec. nearly. Then, finding the length as 
though it were not changed by the hyperbolic 
shape, we should have 

1 T44 

L+e = „ =5-72 ft. =68-64 in. (11) 

So that for e = l-35 in. as before, L = 67-3 
in. nearly. Hence, the higher temperature 
and tho moisture both increasing the speed 
and the flatter pedal note decreasing the 
frequency, all concur in increasing the length 
of tubing required. The factors which reduce 
tho length are therefore to be sought in (a) 
the hyperbolic shape of the tubing from the 
bell to the valves, {b) the parallel part through 
tho valves and tuning slide, (c) the slight taper 
from tho valves to the - mouthpiece, {d) the 
shape of tho cupped mouthpiece itself, and (e) 
tlio dillorent diminutions of the speed of sound 
in each jiart, because tho air is not open but 
in a small pipe. And these factors must act so 
as to reduce the length from 67-3 to 64-5 in. 

It must not bo assumed that pipes of a 
different proportion, like those of the euphonion 
say, would show the same departure as above 
from what miglit be expected as to the length 
from considerations of actual temperature, or 
that all the disturbances in this case would 
mutually cancel. Probably in all these forms 
of tubing the lengths have been settled as a 
matter of trial and error, tradition, etc. 

(vii.) Temperature and Pitch of Wind 
Instruments. — ^It is evident from the foregoing 
that the pitch of wind instruments depends 
somewhat upon the temperature of the room 
in which they are played. But this dependence 
must be slight for a small instrument ea^ly 
warmed by the player’s breath (like the flute) 
and more jironounced for a large instrument, 
like tho bombardon or the organ, where the 
player’s breath has little or no effect. The 
details given in Table X. are taken from 
lectures dolivorod by D. J. Blaikley at the 
Royal Military School of Music. 

Reeds, on tho other hand, flatten with a rise 
of pitch. Hence, if tho temperature of the air 
used in an organ on some occasion is much 
warmer or cooler than usual the reed and flue- 
pipes ■will be oppositely affected and cannot 
bo used in combination. 


Table X 


TESrPERATURE AND PiTCH 



Rise of Pitch due to Rise of 

10=* F. lu Room. 

Instrument. 

Percentage 
Increase of 
Freiiuoncy. 

Actual Increase 
of Number of 
Vibrittions per 
Second in Bb 
(479 per sec.). 

Flute and Oboe . 

0-31 

1-50 

t'larinot . 

0-43 

2-06 

Cornet and 

trumpet . 

0-61 

2-45 

French horn . 
Trombone . J 

0'60 

2-88 

Euphonion . 

0-GG 

3-16 

Bombardon . 

0-73 

3-50 

Mean of full wind 
hand . 

0 54 

2-60 

Organ flue-pipes. 

1-05 

6-04 


(viii.) Free-Free Bars. — The calculation of 
the frequency of lateral vibrations of uniform 
bars is very complicated, only the result can 
be quoted here. If Ni be the frequency of the 
fundamental of a steel bar of length L cm. 
and thickness a cm., then it can be shown ^ 
that 

= 538,400 X a4-L^ per sec. . (12) 

Thus for a steel bar 29 in. long and ^ in. 
thick we find 

Q-KJ. 

Ni = 538,400 X -^- -^{29 x 2-54) - = 126 per sec., 

which is the value experimentally found for 
the prime tone of the bar in question. 

(ix.) Fixed-Free Bars. — We meet ■witli an 
approximation to this case chiefly in the 
prongs of tuning-forks. If of steel, we have for 
the frequency of the prime executed by a 
uniform bar of thickness a cm. and length L 
cm., the expression 

Njl = 84,590 X a-r-L^ per sec. . (13) 

Hence for a prong of steel 11 in. long and J in. 
thick, we find 

Ni= 84,590 X i4-(ll^x 2-54)= 68-8 per sec., 

which is in agreement -with experiment. 

(x.) Temperature-Change of Pitch in Forks. 
— Since the frequency of a tuning-fork depends 
on its dimensions and the density and elasticity 
of the steel, it is scarcely hkely that the value 
of its frequency will escape unchanged when 
all these factors are changed by an alteration 
of temperature. The variation Avith tempera- 
ture is too small to be important in ordinary 
musical practice. But, as a matter of strict- 
ness, it needs notice for the sake of accuracy 
in copying forks or comparing one with 

^ See nayleigh, Sound, i. 273, 



iuujuuij. it IS the frequoncy at f C. and 
that at 0° (J, we have the relations 


Ni=No(l -0-000112 . . (14) 

'I'lio eliango per 1° P. would be only 5/f). 
of the above decimal fraction or O-OOOOOi 
1 his is equivalent to about one vibration in 
Hixteen tliousand per degree Fahrenheit. 
.1 hus the Knellor Hall Bjj fork, giving at 60° F. 
tho military ])itch of 479'3 per second, has at 
other temporaturos the values shown below. 


.0-p. SO-F. 

of'forif''' ‘•70s'? 470-0 478-7 per sec. 


§ (53) Expiohimental Determination op 
Frequencies.-— Wo shall notice first a few 
comparative methods that yield the difference 
or ratio of the freq\)oncios and then pass on 
to methods tliat obtain absolute values of the 
froquotioy. 

(i.) Difference by Beats. — ^WHien two musical 
sttutula of nearly equal frequencies are about 
ocjually intense and remain so we may notice 
tho phenomenon of beats, which is the alter- 
nate waxing and waning of the sound. Thus, 
if wo start with two tuning-forks of tho same 
pitoh, bow oaoli and place them together with 
the mouths of their resonance boxes side by 
side, wo shall find a smootli flow of tho sound 
trs though there was only one fork sounding. 
Next, lot a little soft wax bo stuck on the end 
t)f tlie prong of one fork and some lead shot 
ombediled in the wax. Then, on bowing the 
forks, an altornato loudening ancf softening 
of tho sound will be noticeable. If tho number 
of throbs or bents per second bo counted, 
this will give the difference of frequencies of 
tho two forks in their state at the time : for 
tho loudest phase of the heats corresponds 
to tho instant when the forks are impressing 
tho ear with vibrations just in step with one 
another. Tho softest ■i>haBo of the beats 
ocjrresfxmds to tho instant when tho vibrations 
at the emr from tho two forks are just out of 
stop. To hear beats to advantage from strings 
and forks they should bo plucked or struck 
and ht go. If one continues bowing tho 
vibrations are liable to be changed by the act of 
I HI wing and the boats will not ho trustworthy, 
if indeed audible. 

(ii.) Detection of Mine Gases by Beats. — Tho 
niathod of boats has a useful application in 
tho detection of deleterious gases in coal mines. 
A portable equipment has boon devised to 
ho carried in tho pit, by whioli two similar 
pipes are blown so as to emit simultaneously 
their ntitM, one pipe taking pure air from a 
rc'servoir, the other pipe being blown from the 
air, etc., present in tho mine. Long before 
the air is bad enough to ho dangerous its 


j vitiation is in this way detectable by the beats 
1 between the two pipes. 

I (iii.) Ratio by the Ear. — Very often only a 
I rough gauge of the interval between two 
I musical sounds is required, and for this purpose 
j the musical ear (where possessed) may suffice 
^ even when the sounds occur successively. The 
! result of the test can be announced almost 
instantly if the interval is one in musical use. 
But if it is not of that simple musical character, 
it may take longer to decide quite what it is. 
-The accuracy of results obtained in this manner 
should be quite right as to the number of semi- 
tones in a musical interval. Such decisions 
could be scarcely trusted, however, to dis- 
criminate between the large and small tones 
of just intonation, their ratio frequencies 
being 9/8 and 10/9 respectively. When the 
sounds occur simultaneously the sensitiveness 
of the ear is distinctly greater, and fairly good 
tuning is possible in this way, especially as 
the occurrence of beats often assists in the 
final judgment. 

(iv.) Forks compared by Smoke Traces . — 
A convenient way of comparing frequencies 
of forks is that of letting each write a wavy 
trace on smoked glass or paper. This method 
has the advantage of being independent of 
hearing altogether. Each fork has a small 
style of aluminium foil fixed on it, and tho 
forks must be so arranged that the two traces 
can he obtained side by side for comparisons. 
This may be accomplished in a variety of ways. 
One plan is to have both forks fixed by their 
shanks and some wood packing in a vice so 
that the four prongs are all side by side 
horizontally, the styles being on the under- 
side of the prongs. Then, the forks are set 
in vibration, preferably by bowing, and tho 
smoked glass moved by hand parallel to the 
prongs and in contact with their styles. 
Another plan is to have the forks mounted on 
a frame along which the smoked glass can 
slide. When the traces are obtained their 
wave-lengths are comj>ared with whatever 
nicety is desirable for the purpose in view. 
Thus the ratio of . the frequencies is found, 
since Ni\=N 2 X 2 , where the N’a are the 
frequencies and the X’s tho corresponding 
wave-length of traces. Both these frequencies 
are slightly different from those of the forks 
without the styles. If the latter are sought the 
method of correction at end of § (53) (viii.) may 
bo adopted. 

(v.) Lissajaus’ Figures. — This is an optical 
method for testing the accuracy of tuning of 
some simple interval (unison, octave, etc.) 
between two forks. Tho arrangement is 
sho^vn in Pig. 3G. 

Tho light from an arc lantern passes through 
tho focussing lens L, and is reflected at a little 
mirror P on the fork A, then at a mirror Q on 
tho fork B, and finally reaches the screen at 0, 



724 


SOUND 


if both forks are at rest. The vibration of 
fork A will displace the spot of light imrallcl 
to XOX', those of fork B will displace it 
parallel to YOY'. Hence, if both forks 
are vibrating together in unison, a special 
figure is described, wliich may bo an oblique 
straight lino or an ellipse or circle according 
to the phase diftoronco of the vibrations ; 


of sound in the air at tlie toniperaturo [1° (1) 
in the room at the time. Hence we may write 

N4(Li + c)=« = (33,200 + OK) cm./sec., (3) 

whore e is the ond-oorroction for tlio tube and 
equals 0’3 of its diainotor, wlionco N the only 
unknown can be found. Let the next larger 
air column that responds bo Lg. Tlion one- 



but ncdliing else is possible if the unison is 
exact. If, however, the unison is not exact 
the figure slowly molts from one of the above 
figures to another, and after a time, t seconds 
say, returns to its original form. Lot the 
frequencies bo N and N', tlio latter being the 
loss. Then in the time t cuio vibration has 
gained a complete period on tiro erthor. So 


third the length of this must correspond to the 
previous L^. Thus wo have 

N4{La + fi) —3u~ 3(33,200 +■ (iU) cm./aoo., . (4) 


whence, by subtracting (3) from (4), we find 


_ 33, 200+ (Hi 

^^2(La--Li) "^La -Li) * 


(fi) 





N~N' 1 

or 

N ~"' “"NT 

whence 

1 

11 


( 1 ) 


As an example, suppose one fork is known to 
have the frequency 100 i)or second say, 
and the figures are found to go through their 
cycle in 2 minutes -= 1 20 seconds. Then 

N' 1 

N " 12,000’ 


11,999 

N 12,000’ 


( 2 ) 


So that N' is accurate to one in twelve thousand, 
or N'' = 99'9917 per second. This illustrates 
the accuracy possible ; the interval is loss than 
one five- hundredth of a semitone. 

(vi.) Resonance, Tube , — If a tall, narrow jar 
or tube bo taken, and the level of water in it 
quickly and quietly adjusted, the air column 
above the water may l)o sot to respond well' 
to a vibrating fork hold over the top of the 
tube. Suppose the shortest length of air 
column tliat responds is fji, then tliis is like 
a closed organ-i)i])o, whoso length wo have 
seen is traversed four times in the period of 
the vibration. Thus this distance multiplied 
by the frequency N of the fork gives the si)ood 


This is preferable to using (3) alone, if the jar 
or tube is long enough to pcnmiit of finding 
this second place of rosonanoo. 

(vii.) Monochard M e.thad,~~1o find the fre- 
quency of a fork it is sornotimoH oorivoniont to 
sot the string or wire of a monoehord so that a 
certain lonj^h L of it (adjusted by a movable 
bridge) is in unison with tlie fork. Tliis 
adjustment should ho done flmt by ear, and 
second by boats. Finally, it may be made 
more exact by sotting the vibrating fork with 
its atom on the string whore it crosses the 
bridge. It should start the string in vibration. 
This last is a very delicato test of the exact 
unison, the vibration of the string being 
repeatedly started and detected by tlie linger. 
Then, the tension of the string being duo to a 
weight of M grama and the mass of the string 
m grams per cm., the frequency of the fork 
and string being each N, wo have 

£>14 

where g is 981 cm. /see*. 

(viii.) Ffdl Plak,.—-k very useful method 
for the froquonoy N of a fork is that known 
08 the fall plate method and illustrated in 
Fig. 37. A smoked-glass plate is allowed to 
fall so that a style (1 carried by the fork F 
traces the wavy mark P, Q, R on it. As seen, 
the jilato hangs by a thread, whieli is burnt 
between the pins HH. when all is reaily. At 


tlio very beginning of the trace the waves 
too crowded to be distinguished; but a 
litih^ fartlior on, say at P, lot them become 
cdoar. Then count an exact number of waves 
11 , and measure tlio length J?Q = i:j totalled by 
th(un. Then, from the end Q of that set, 
count the samo number n of waves and let 
tlunn occupy the total length, = say. 




already described are not available. Indeed 
some other sound produced by an air blast 
seems preferable as a standard of comparison. 
For this purpose a siren may be used in which 
a disc with a circle of holes in it spins so that 
the holes are alternately opened and closed 
by passing a similar set of holes in a fixed plate, 
an air blast giving the sound. When the siren 
is set rotating at such a speed that its 
sound is in unison with that of the pipe 
under test, the number of revolutions in a 
given time must be observed by the counting 
arrangement on the siren and a stop-watch. 
Then, if the frequency sought is N, the number 
of holes in the circle on the disc is in, and the 
number of revolutions of the disc is n, in 
time t seconds, wo have 


Fia. 37.— fork and Tall Plato. 


It is not possible to keep the siren steady 
if driven by air alone unless some mechanical 
supply is available and a screw-clip or similar 
adjustment is used on the india- 
rubber pipe conducting the air to 
the siren. Another method is to 
supply the siren from a wind-chest 
in which the air is kept at a con- 
stant pressure by means of a loaded 
safety-valve. If it is not possible 
to keel) siren in unison, we 


Then if u denotes the speed of fall of the 
plate when the stylo touched P, wo have for 
the fall PQ 

. . . (7) 

whore t is the time of n waves ~n/N. Again, 
ft>r the fall QR, tlio speed at Q is u + gt; thus 
wo have 

. . ( 8 ) 

Honco (8) -(7) gives 

..r . . (9) 

It should bo noticed that the presence of the 
style on the fork will load it and flatten its 
piteh somewhat. Tliis flattening oould bo 
©Vfthmtod if anotlior fork wore available 
exactly like that used, so that without its 
style they wore in exact unison. Then the 
dlfforenoo duo to the stylo oould bo found by 
observing boats between the two forks. If 
it were two per second, then wo should have to 
atUl two to the value found hy (9) to obtain 
the frequonoy of tlio fork when the style was 
removed. 

(ix.) A'freH.-— If the frequency of an organ 
][)ipe is to bo evaluated, some of the methods 


may keep it a little too slow all the 
time, t, and count the total number, b, of 
boats thereby produced. Then, obviously, (10) 
changes to 

. . . ( 11 ) 

(x.) Tonometer . — ^This arrangement consists 
of a sot of tuning-forks extending throughout 
an octave or through a number of octaves. 
The successive forks diflier in frequency by 
a few vibrations per second only, say, about 
four, all those differences being observed 
by boats and carefully noted, till the serios 
building up an exact octave is dealt with. 
Then, if the bottom fork of this octave has a 
frequency N, the top fork has a frequency 
2N. Further, let the number of beats per 
second between successive forks be a, b, c, 
d, etc., and let the sum of all these through 
the octave be found. Then obviously this 
sum is the value of N. Then the frequency 
of one fork being known, that of any other in 
the serios is known by adding the beat- 
numbers. We can then compare any other 
sound with the forks of neighbouring fre- 
quencies, note the beats, and thus ascertain the 
frequency of the sound in question. Thus, 
suppose we have forks of frequencies 132, 
136"1, 140'2, 143-8, and 147-9 per sec. Then, 
if our sound to be tested gives about 6 beats 
per second with the first fork, 1 beat per 



second with the next one, and 3-1 beats per 
second with the third, and about 7 per second 
with the fourth, we see that the frequency 
sought is 137-1 per second. Such a set of 
forks, ranging over a number of octaves, may 
be taken into a belfry and so the exact pitches 
of the partial tones of any ‘or all the church 
bells there be ascertained, 

TV. SouKD Detectors 

§ (54) Air Resonators. — The air in a 
globular or conical gas or lamp shade may 
sometimes be observed to ring or resonate in 
response to some sound made by chance near 
it. In such cases it is often found that a 
musical sound a semitone higher or lower 
awakes very little response. Thus, the 
response of such an arrangement would 
act as a detector of the presence of a sound 
of particular pitch mixed up with other 
sounds of different pitches. To apply this 
principle we may use a jar, bottle, or flask 
and tune it to a particular pitch (as given by 
a tuning-fork) by pouring water into the flask 
to sharpen it, or partly shading its mouth 
by a cardboard to flatten it. In this way 
the first bottle picked up may be readily 
timed to respond well to any ordinary fork.- 
Then, in the case of a tuning-fork an octave 
lower but very vigorously bowed, this im- 
provised resonator may be used to detect the 
presence of the octave of tliis lower fork’s prime. 
For with large amplitudes of a big tuning-fork 
the air near its prongs executes a complicated 
motion in which the octave may be detected, 
although the prongs do not give that octave 
by simple subdivision of vibrating segments 
as a string does. Such a resonator may also 
be used to detect the octave or higher partials 
in the human singing voice. The use of a 
special form of resonator for a determination 
of pitch is given in § 53 (vi.). 

§ (55) Sensitive Flames. — Various flames 
have been found to be sensitive to sounds of 
high or medium pitch and have been studied 
from several points of view. Apparently this’ 
phenomenon was discovered first by J. 
Leconte ^ and then independently by W. F. 
Barrett in 1865.^ 

(i.) Tyndall's Vowel Flame. — This is a high- 
pressure gas flame sensitive to very high- 
pitched sounds, and so can detect and exhibit 
peculiarities in certain sounds owing to the 
presence in them, of different high partials. 
'The gas issues from the single small hole of a 
Sugg’s steatite pinhole burner, and the flame 
is about two feet high. The gas may be 
derived from a weighted gas bag or a steel 
cylinder of compressed gas with regulator. 
The flame must he adjusted to the sensitive 

1 PMl. Maq., 1858, xv. 335-339. 

“ Ibid., 1807, xxxiii. 216-222 and 287-290. 


state, as tall as possible without flaring. 
This flame responds, by falUng down to a 
half or a quarter of its normal height, when 
excited by suitable sounds, such as a tap on. 
a distant anvil, the shaking of a bunch of 
keys, the jingling of coins, the creaking of 
boots, the crumpling or tearing of paper, or 
the- ticking of a watch. loud oo leaves it 
unaffected, it quivers to o, is strongly affected 
by ee, and still more so by ah ! 

(ii.) Bayleigh's Sensitive Flame. — The late 
Lord Rayleigh devised an enclosed jet 
sensitive to sounds of ordinary pitches, say 
those through the compass of a piano. It has 
the advantage of working off the ordinary gas 
supply. A jet of coal-gas rises from a steatite 
pinhole burner placed in a chamber (which 
may be cubical of about two inches side). 
The gas then passes up through a vertical tube 
|-inch diameter and inches high, mounted 
on the chamber. On reaching the top of 
the tube it burns in the open air. The front 
of the chamber is covered with tissue paper to 
receive and yield to the sound and affect the 
jet inside. To adjust the flame to sensitive- 
ness, begin with the full pressure of the 
ordinary gas supply and slowly turn the tap 
down till the flame suddenly assumes a 
fluttering lop-sided appearance, being at one 
side drawn down the inside of the tube a 
little. Lower the pressure yet more till the 
flame, though still lop-sided, is steady. It is 
then right for use and Avill be found sensitive 
to the crumpling of paper, clapping of hands, 
and the piano. Its recovery after stimulus is 
rather slow. 

(iii. ) Btensen-burner Sensitive Flame. — For 
this purpose the Bunsen burner must be 
carefully chosen. The following type has 
been found suitable ; upright tube of brass 
5 inches high and |-inch bore, only one side 
hole for air, which is perfectly closed by a 
half-tarn of the sleeve. To obtain the sensi- 
tive state exclude the air completely and reduce 
the pressure of the ordinary gas supply until 
the flame is lop-sided but quiet. The maxi- 
mum pressure consistent with these conditions 
seems to give the best results. The flame is 
about 4 inches high, that side of its base next 
the supply tube being detached from the Hii 
of the upright tube and extending down 
into it about a third of an inch. The burner 
is not, however, lit back. When responding 
the flame falls to about inches high and 
quickly recovers. It is insensitive to crump-, 
hng of paper and to the jingling of keys, but 
responds promptly to clapping of the hands, 
shuffling the feet on boards, coughing, speak- 
ing, whisthng, or singing. It is possible to 
whistle a slow staccato passage, each note 
being acknowledged by a lowering of the 
flame and each rest by a recovery to the 
normal height. This flame is very useful for 
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it’t'l’tiuK the uodtiH and antinodea whoro a 
iiiltl ia rcfluc-tod ft'Diu a wall. The wavo- 
ctau tlitia lio found and the frequonoy 
i-ho Hound I'aloulatod. 

§ (Hd) Tuk RAYLincut Disc. — It is found 
any Hat (d)atatdo in a stream of fluid 
ixcIh to Hot itNC'lE acu’OHH that stream. This 
iva utiliHud hy the late ijord Rayleigh in the 
r.ni of !i diwi Himijonded hy a fibre with its 
>rtt jamition at angles of 4r)° to the directions 
: flow of air in the vibrations to he detected, 
ha quantitative treatment of such a disc 
tui given hy Kilnig in 1891. The turning 
jut>lo or toniuo is thus shown to bo expressed 

U sin 20, 

hare (1 is the couple, p the density of the 
ir (or other gaa) mt)ving at Hpeod W, a is the 
t,()iuH of the dine, and 0 is the angle between 
« normal and the diroetion of the wind W 
lion uudiHturbod by the disc. A simple 
KlKsrimeat with the dlHo is as follows: Just 
iHitle the mouth of tlio rosonauco box of a 
tiling- f<irk HiiHiieud by a coeoon fibre a 
Iho of miea, thin (uird, or very thin mirror 
limit an ineh in diameter. Arrange that the 
tiro poHithm of the iUhc shall ho at 45° with 
iio plane of the mouth of the box. Then on 
uvving the fork, or singing its note in front, 
lia disc will promptly sot itself across the 
lauth. By light refleeted from the mirror 
lies effect may be made evident to an audience, 
i* by use of a scale in addition the action 
itiy he used att an absolute measure of the 
itensity of tlie sound in question. In this 
iiantikitivo manner the Rayloigli disc has 
latm used in various rosearohes in architectural 
.mniMiies and other investigations. 

§(57) Human Hmarino.— T ins is a vast 
ubjeet taken in all its possible aspects; only 
, iaw ai the physical ones can be noticod hero. 
5ut their importance is veiy great, because 
driumt all sounds are brought bo the arbitra- 
ment of the liuman ear, hence the necessity 
gaining what inslglit we can into the organ 
t-Holf ami its manner of working. 

(i.) 7Vie War.— A general view of tlio human 
kar, somewhat departing from exact scale 
tir the sake of clearness, is given in Fig. 38. 

In this we easily rooogniia© the external ear, 
.he ear passage ending at the dnim-s/ctn 
iiften improfjotiy spoken of as tho drum). 
[Jaymid this lies tho cavity wliioh is properly 
•all«l tho drum. From tho drum tho 
LCuataehlan tube proceeds to tho pharynx. 
Dlls tube opens when swallowing occurs 
tnd so S6t« tlio pressures equal on each side 
if tho drum-skin. This equality is essential 
Ui hearing, and if by plunging or diving 
.inder water, or ascending in an airplane, 
the equality is lost, it may bo restored by 
purjioBoly swallowing. Tho cavity of the 


di'um is bridged across from the drum- 
skin to the labyrinth by a train of three little 
bones called respectively the hammer, the 



TTiq. 38.— ^General View of Human Ear. 

anvil, and tho stirrup. The labyrinth com- 
prises the vestibule, the three semicircular 
canals, and the cochlea. The vestibule is 
tho middle part of the labyrinth, and contains 
the oval window which receives the foot of 
tho stirrup. Forward and downward from tho 
vestibule we have the important structure 
resembling a snail-shell and called the cochlea. 
It contains a spiral canal, which is seen in the 
orosB-seotion of a single turn or whorl given 
in Fig. 39. 

Tho cochlear canal (canalis cochlearis) is 
soon to he almost triangular in cross-section, 
and is divided from the scala vestibuli by the 
membrane of Reissner, and, by the basilar 
membrane, from the scala tympani, which 
ends in the round window when it reaches the 



PiQ. 30. — Cross-section of a Whorl of the Cochlea. 

drum. Tliose two scalae (or staircases) are 
separated by the lamina spiralis, through 
which the fibrils of the auditory nerve are 
distributed to the sensitive structures of the. 
basilar membrane. 

(ii.) The Act of Hearing . — ^When minute hut 
rapid alternations of air pressure of suitable 
frequency and range occur at the external 
ear, they pass along to the drum-skin and set 
it in vibratory motion. This motion passes 
through the chain of tiny bones (hammer, 



anvil, and stirrup) to the oval window, whose 
chsiilaoemonts, according to Helmholtz, never 
exceed a tenth of a millimetre. But the area 
of the drum-skin _ is fifteen, to twenty times 
that of the oval window. Thus, the train of 
bones receives the motion of the comparatively 
largo drum-skin moved by the air and changes 
it into the more forcible motion of the very 
small oval windt)w, which has to move the 
liquid in the labyrinth. Hence the motions 
are liandod on to this hc[uid, and the waves 
passing along the acala veatibuli are felt in the 
canalis coc/dearis and then affect the sensitive 
apparatus on the basilar membrane. At the 
tip of the cochlea the partition ceases between 
the acala vealihuli and the scala tympani, so 
the waves proceeding along the first can return 
by the second. This ends at the drum with a 
round window which seems to play the part 
of a safety-valve. Much controversy has 
raged as to whicli are the structures that 
form the sensitive part of hearing and how 
they act. Some hold that these structures 
are some tuned vibrators which are set in 
sympathotic vibration by impulses of their 
own natural froquoncy. On this view, a 
vibration of 100 per second, say, would set 
in full vibration any vibrators which had the 
same or a near frequency (sharper or flatter), 
these vibrators would stimulate the nerve 
fibrils, and so the message would reach the 
brain that cortaiir vibrators wore in motion, 
f^his would constitute hearing a sound of 
frequency 100 per second. Any other audible 
froquonoica would bo dealt with in like manner, 
oaoh sotting in action those responders of 
froquoncioa near to that of the external 
stimulating sound. And all these could be 
hoard simultaneously as separate sounds if 
not tf)o close in frequency, or some of them 
too faint to be rocoghiaed amid the din of the 
others. Some reject this so-called resonance 
theory of hearing, but have little to put in its 
place which is intelligible or acceptable to a 
physicist. It is perhaps too early to feel 
certainty with respect to any hypothesis of 
audition. But it may bo pointed out that 
one objection to the resonance theory has 
been recently removed. It was at no time 
imagined that thousands of differently tuned 
responders would bo needed m the ear to 
satisfy the requirements of that theory. It 
has now been shown that about twelve to tlie 
octave in tho musical range of hearing, and, 
say, a hundred in all, may be taken as sufficient 
to account for all tho delicacy of perception of 
pitch possessed by us.^ 

(iii.) Limits of Audition . — Separate impulses 
may havo a frequency too slow to be heard as 
a continuous sound, and vibrations may bo 
too rapid to be lieard at all. Thus for each 
person there arc limits of pitch outside which 
> PMl. Mag., 1919, xxxvlil. 104-173. 


no sound is heard as such. These limits are 
very different for different persons, and vary 
with time for the same person. Some cannot 
hear much continuous tone for less than 
thirty per second, though others may hear 
down to fifteen per second. Some gigantic 
organ pipes are effective by a series of throbs 
shaking the floor or panes of loose glass rather 
than by any continuous influence they may 
have on the ear. The highest pitch audible 
is also somewhat imcertain. Thus, some can 
hear sounds up to or beyond 40,000 per second, 
while others fail at an octave lower. We might 
then place the extreme limits ab 15 to 40,000 
per second, those useful for musical purposes 
at about .40 to 5000 per second. Thus, while 
the eye only sees one octave, the ear hears 
about eleven octaves, of which about seVen 
are musically available. It should be noticed 
that not only are the quahties unpleasant at 
the extreme pitches, but that the sounds are 
useless musically for another reason, namely, 
that the discrimination of pitch is obscured 
and lost beyond certain points both up and 
down. And this is just what w'Diild be the 
case if we heard by means of a set of vibratory 
responders. For obviously such a set must 
have its limits up and down. Further, any 
note within the range of this set would be 
located in pitch quite distinctly. But, beyond 
the range of this set, if upwards, the note 
would be recognised as high because only the 
high-pitched responders would be affected. 
But the pitch could not be precisely dis- 
ciiminated, because there would be no other 
responders still higher in pitch than the note 
heard. And to locate a pitch, on this view, 
it would need some responders too high to be 
disturbed by the sound, some responders too 
low to be disturbed by it, and some between 
that were powerfully affected. Thus a sound 
so high as to be beyond the range of the 
vibrators present would be known to be high 
but not clearly discriminated in pitch. Simi- 
larly, a sound lower in pitch than any of 
the responders present in the ear would be 
acknowledged to be low, but its exact pitch 
would elude discrimination. And this is just 
what we actually experience at each end of 
our auditory range. 

It is also a matter of some interest to ascer- 
tain the total number of vibrations needed 
to enable an observer to decide the pitch 
of a sound heard. Kohlrausch investigated 
this by attaching to a pendulum an arc of 
a circle %vith a limited number of teeth on it. 
On letting go the pendulum the teeth struck 
a card, and on hearing the sound a monochord 
was set to agree as closely as possible with 
the pitch as it was judged to be. As the 
number of teeth was reduced so was the 
fineness of judgment as to the pitch heard. 
Thus, the error of judgment rose from 0-14 


of a semitone with 16 teeth- to 0-5 of a semitone 
with 2 teeth. Hence, even with two vibra- 
tions the judgment of pitch waS only in error 
by a quarter of a tone. 

(iv.) Minimum Amplitude Audible . — So far 
back as 1870, Toepler and Boltzmann made 
an estimate on this subject by experiments 
on an organ pipe. Their result was that 
with an amplitude (or displacement each 
side of the mean position) of 200 x lO-s cm. 
a sound of frequency about 180 per second was 
just audible. The late Lord Rayleigh carried 
out experiments on two plans, one with a 
whistle, the other Avith a tuning-fork. The 
first, with a frequency of 2730 per second, 
gave an amplitude of 8 x 10-® cm. as being 
just audible. The second, with a frequency 
of 256 per second, gave a minimum audible 
amplitude of 12'7 x 10"® cm. Dr. P. E. Shaw 
in 1904 applied his electrical micrometer to 
test the minimum audible amplitude of the 
diaphragm of a telephone receiver. For an 
expected sound he found the minimum audible 
motion of the diaphragm to be 7 x 10-® cm., 
and inferred that the motion of the air produced 
by it at the ear was only one-fifth the above. 
Thus the minimum audible amplitude would 
be 1-4 X 10-® cm., or about 1-r- 180,000,000 of an 
inch ! 

(v.) Perception of Sound Direction . — In 1907 
the late Lord Rayleigh published a series 
of experiments undertaken to ascertain the 
powers of the ears in estimating the directions 
from which sounds came, and how these powers 
may be explained. By theory and experi- 
ments it was concluded that for sounds higher 
in pitch than about c" (512 per second) the 
discrimination of right and left is made chiefly 
upon the difference of intensities at the two 
ears, but that at low pitches, at any rate below 
c (128 per second), the recognition of phase- 
differences at the two ears must be appealed 
to. But it is to be noticed that we have very 
little judgment about front and back in 
attempting to locate the source of a sound 
heard. Thus, on board ship, if rvishing to 
locate the source of a fog-signal, a combination 
of several observers facing different ways 
offers advantages. In comparing their judg- 
ments attention should be paid only to which 
of his sides, right or left, each listener supjiosed 
the sound source to lie. 

V. Sound Reprodtjobrs and Recorders 

§ (58) The Telephone. — In 1876 Graham 
Bell patented his speaking telephone.’- At this 
time his instrument acted both as a trans- 
mitter (giving to the line signals corresponding 
to the sounds spoken into it) and as a receiver 
(which reconverted those signals into sounds 

' See also “ Telephony,” § (17), Vol. II. ; “ Micro- 
phones,” Vol. II. ; “ Microphone, The Hot Wire,” 


at the receiving end). In essential principle, 
Boll’s telephone, as a receiver, is in use to-day ; 
though alterations have been made in details. 
But, as a transmitter, the Bell telephone is 
superseded by some form 
of carbon transmitter. 

The Bell telephone is 
sho-HTi in section in Pig. 

40, and an Edison car- 
bon transmitter is shown 
in Pig. 41. 

When using for tele- 
phony a carbon trans- 
mitter, a battery is 
needed to generate the 
current, and it is the 
function of the trans- 
mitter, by the variation 
of its own resistance, to 
vary the current thus 
produced. How this is 
done may be seen from 
the figure. The sound 
waves pass through the 
mouthpiece M and set 
the diaphragm D in vibration. This motion 
acts upon the button B and the adjoining 
platinum plate, which thus makes a variable 
contact with C, a disc of carbon (sometimes 
now replaced by 
separate carbon 
balls). The electrical 
circuit in the instru- 
ment is from the 
terminal T through 
the spring S to the 

platinum plate, jjdiaon Carbon Transmitter, 
thence through the 

carbon and the case of the instrument to the 
second terminal T'. The variations of the 
electrical resistance (due to the movement of 
the diaphragm upon which sound waves fall) 
are thus impressed upon the current through 
the line to the other station, and there act 
upon the telephone receiver (see Pig, 40). 
The current enters and leaves by the terminals 
T and T', and so passes through a coil C near 
the end of a magnet NS. The variations of 
the current attract in varying degrees the 
diaphragm of the receiver. It thus vibrates 
in correspondence with that of the transmitter, 
and so emits sounds which agree in essentials 
■with those falling upon the transmitter’s 
diaphragm. 

Portable telephone sets (called audiphones) 
have been arranged to relieve partially deaf 
persons, the carbon transmitter being on the 
dress and the receiver or receivers applied to 
one or both ears. To some patients they have 
proved beneficial. But at present the details 
of a scientific test of defective hearing seem 
to be not so far advanced as the corresponding 
ones applicable to a test of eyesight. 


M 



Fig. 40. 

Bell’s Telephone. 



§(59) DuunioUi’s Simoakinu Auo. — This ])h()t(igrai)hy of sound curves, called the 
arrauifoment may be said to utilise tlio arc phanodeih'. This is shown diagramraatically 
li}»ht aa a special form of telephone receiver, in Fig. 4;j. It collects from the air what wo 
The arc is at the same time (i.) part of the may call the total resulting sound from all 
dirocit-curront circuit which supplies its main i)art8 of the inatrument under test. This 
current and (ii.) part of an osoillatiiig circuit i)aasea tlown the horn A to a diaphragm of glass 
containing a ct)ndon8or and a coil. t)n this about threo-thouaandths of an inch thick, held 
oscillating circuit are imi)reaaed the altornat- lightly between soft rubber rings. To the 
ing curremts obtained by induction from the middlo of the diaphragm a few silk iibres (or a 
Huotuating currents of a tclei)hone transmitter, platinum wire O-OOOf) inch in diameter) are 
The arc then cliangos its state in such wise as attached, and after passing once round a tiny 

j)ulloy finish at a B])ring tension 
l)ieco. I’his pulley is on a sjlnclle 
carrying a mirror m, 1 millimetre 
scpiaro, tlu) wliole mass being 
under one five - luindredtlr of a 
gram. Light from a lamp I passes 
to the mirror focussed by a lens 
on to a film / moving in a special 
camera. The uniform motion of 
the film is perpondioular to tlio 
t w. 4:i.“~L)uddcU s Siiealdug Arc. motion on it of the spot of light 

duo to the vibrations to bo re- 
to omit very fccoblo sounds, but it can yet corded. Thus a dis()lacoment - time graph 

render speech and song and the performance is obtained. The ap])aratu8 can bo arranged 

on musical iustrumonta so as to bo just audible also with a rotating mirror and screen instead 
to an audionee of sovcral hundreds. The of the oaiucra, thus projecting the curves in 
arrangement is shown diagrammatioally in the sight of an audience listening to the 
Fig. 42. It is seen that in tlie direet-eurreiit sounds which produce them, 
circuit of main 8Ui)ply is included an jr)cluet- Many interesting results have been obtained 
anoo L to prevent any aiipreciablc part of the with the phemodoik, a few of which are ropro- 
altornating current obtruding there. Also in duood hero. Figa. 44 to 48 show records of the 
the osoillating circuit a oondetiHor K is inoluded violin, flute, oboe, piano, and bass voice 

to prevent the diroot current from flowing rcH{)eotivoly. l''ina]ly, Fig. 49 is from a 

there. Only in the arc itself are both the gramoijhone and shows Tetrazzini singing alone 
steady and the alternating 
currents allowed to flow. 

The alternating currents are 
induotivoly iiroducod in the 
coil B by the variations of 
ourront in the ouil A through 
the waves of speech, song, etc., 
falling upon M the microphone 
(or telephone tmnsmittor). 

§ (00) MUiLKu’s Thonodkik, 

—Various arrangements have Iria. 48, — Miller’s Phonodolk. 

boon adojited by dilloront 

oxporimontors to analyse the motions of the a high Bt* in Lucia di Jjanmermoor, the fluo- 
stringa and other parts of musical instrutuonts, tuationa in amplitude being due to a slight 
separately or simultaneously. Probably the Iramla, The whole record for this one note 
first was the vibration microscope of Holmholtz. lasts about three seconds ; only about a tenth 
Others have involved the photographs of an of it, just at the finish, is here shown, 
illuminated portion of the vibrating string §(91)llAKKifiii:’HPaoT()i»ju)NEF()ETRAN.s- 
togother with a unifoz'm por[)ondioular motion mission oic Ki'Kkoh hy lAtmT. — In 1919 
of the sensitive Him or plate. They also A. 0. J'lankin(3 published an account of his 
include the use of rooking mirrors reflecting arrangements, wliicih may be described briefly 
a spot of light and so recording photographic" as follows. Ught from a point source is col- 
ally the motions of the bridge, belly, and air Icetod by a lens and an imago formed on a 
of a violin, eto. Theme mevthods Iiavc been small cemcave mirror which is attached to the 
used by F. Krigar-Monzel and A. Rai)S, by diai)hragm of a gramophone recorder. The 
E. tL Barton and by G. V. Raman. light diverges and passes through a second 

In 1912 I). C. Miller published an account similar lens, which projects it to the distant 
of his apparatus, for the demonstration and station. Two similar grids aro mounted, one 







iri^ ron o each lens. An image of the first development. For reproduction of the sounds 
gu IS superposed on the second by reflection light from an illuminated slit is focussed on 
m 10 concave mirror when silence reigns, the film, behind which a selenium cell is placed 


Fig. 47. — Photograph of the Tone of a Piano. 


Ida. 48. — Photograph of a Bass Voice. 


Fig, 49. — Sound Waves from the Soprano Voice (Tetrazzini) singing high Bb. 


But when the mirror oscillates under the 
vibrations of speech, the dark spaces of the 
imago move over the openings of the second 
grid, thus producing fluctuations of the inten- 
sity of the beam. The light is received by a 
pollooting Ions and focussed on a selenium 
coll in circuit with a battery and telephone 
receiver. 

If the light from the above photopJione 
transmitter is concentrated on a narrow slit, 
an imago of which is produced by another 
Ions on a cinematograph film, then the varia- 
tions in intensity of the light (caused by the 
sounds on the photophone) are recorded as 
variations in the density of the film after 


connected to a telephone circuit in which 
may be heard the sounds.’- b 
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jiTND, Absorption Coefficients op, for 

various materials, tabulated. See “ Sound,” 

§ (22) (vi.), Table VI. 

)iTNDi Long - range Transit of. See 
“ Sound,” § (23). 

Zones of silence. See ibid. § (23) (viii.). 

ITTND, SoTTROB OP. See “ Sound,” § (8). 

ITTND, Speed of, affected by temperature but 
not usually by pressure. See “Sound,” 
§ (10). 

In air ; determination by Hebb, using 
parabolic reflectors and telephones. See 
ibid. § (20). 

In air, experimental determinations. See 
ibid. § (13). 

In air, increase with intensity. See ibid. 
§ (14). 

In iron, experimental determination. See 
ibid. § (17). 

In pipes ; Blaikley’s determination with 
smooth pipes. See ibid. § (19). 


In pipes ; Blaikley’s values for dry air, at 
0° C., in brass tubes, tabulated. See 
ibid. § (19), Table IV. 

In pipes, Regnault’s determination witb 
rough pipes. See ibid. § (18). 

In various media, tabulated. See ibid. §(21), 
Table V. 

In water, experimental determination. 
See ibid. § (15). 

Sound, Theoreticat, Speed of, in liquids. 
See “ Sound,” § (11). 

In solids. See ibid. § (12). 

Sound Producer, Calculation of Fre- 
QUENCY of. See “ Sormd,” § (52). 

Sound Producers. See “Sound,” III., 
§ (24) et seq. 


SOUND RANGING 

§ (1) General. — “ Sound Ranging ” consists 
in the location of a source of sound by means 
of measurements made on the sound wave 
which spreads from the source. Fig. 1 
illustrates the manner in which this may Be 
done. A sound* originates from the point S 
in the figure, and is received at three stations 

A, B, and 0. At each station the time is 
registered at which the sound wave arrives, 
and so the time intervals between its reaching 
A and B, B and C, can be measured. A 
geometrical construction such as that shown 
in the figure then gives the position of the 
source with reference to 

the surveyed stations A, 

B, and C. If the sound ' 

arrives at B seconds 
after reaching A, and at 
C seconds after arriv- 
ing at A, circles are 
drawn with B and C as , 
centres and with radii ® 

equal to V^, Yts, where Fig. 1. 

V is the velocity of sound 

in air. The centre of a circle w'hich passes 
through A and touches the other two circles 
Avill coincide Avith. the point S. This point S 
may alternatively be regarded as the inter- 
section of two hyperbolas. If the time 
interval for the stations A, B is seconds, 
all possible positions for S lie on a hyperbola, 
ivith A and B as foci, and which is determined 
by the relation SB-SA=Vfi. A similar, 
hyperbola can be drawn for B and C, and the 
two curves intersect in S. 

It will be clear that the method is not 
applicable to a source of continuous sound ; 
it can only be used when the sound has a 
sharply defined commencement. 

Towards the end of 1914, when the fighting 
in . France and elsewhere developed into 
“ trench warfare,” it became clear that Sound 



Banging might provide a valuable means of 
locating hostile artillery. The batteries on 
both sides took up fixed positions, in which 
the guns were protected from shell fire by 
emplacements, and wore carefully camouflaged 
to screen them from aerial observation. 
Their location became increasingly difficult. 
At the same time the stability of the front 
line made it possible to develop more complex 
methods of determining their positions. For 
instance, one method which soon proved of 
great value consisted in the installation of 
observation posts at suitable points behind 
the front line, from which bearings wore 
obtained of the flashes and smoke puffs when 
hostile guns fired. These positions were 
accurately surveyed, and the locations deter- 
mined by the co-operation of several posts. 
Exjjoriments were also commenced in the 
French and Gorman armies, and later in the 
British army, to test the practicability of 
Sound Banging, and their successful result 
led to the establishment of Sound Banging 
as a valuablo means of location. 

§ (2) Sound Ranqing in Pbactioe. (i.) 
DijfictiUief} of LocMion . — Although the prin- 
ciple of SoEind Banging is simple, in jirac- 
tico many difficulties had to bo surmounted. 
The batteries to be located were situated 
from 6000 it) 16,000 metros from the points 
where it was possible to jiut the recording 
stations. In order that the locations may 
bo of value they must be accurate to within 
100 or 200 metres. A consideration of the 
displacement of the plotted position which is 
caused by errors in timing the sound shows 
that those timing oiTors should not exceed 
one-hundredth of a second. For this reason 
it is impossible to use human agency to 
record the sound wave, except under the most 
favourable conditions. A man recording the 
commoncoraont of a gun report, by pressing 
a key or starting a watch, will make errors 
of at least ono-tenth of a second. Some 
success was attained by systems of sound 
ranging in which stop watches, or registering 
mechanisms actuated by the pressing of keys, 
were employed ; and in the German army 
these methods were continued until a later 
date than in the British and French armies. 
Finally, however, they were replaced by an 
automatic registration of the sound by means 
of microphones or similar devices connected 
by cable to a central station. 

The velocity of the sound wave is affected 
by the wind and is dependent on the tempera- 
ture, so that allowances must he made for 
these factors. Both wind velocity and tem- 
perature vary with the height from the ground, 
and measurements of thorn made at ground 
level will not serve as a basis for calculation. 
This question will bo dealt with more fully 
below, for tlie calculation of the true wind 


and temperature corrections is a complex and 
difficult problem. 

(ii- ) of Wind. — Until experiments 

were made, it was not generally reahsed to 
what an extent the audibility of a sound 
coming from a point several miles away 
depends on the direction of the wind. The 
TOnd velocity almost invariably increases ■with 
the height from the ground. A sound wave 
proceeding in a direction opposed to that of 
the ■wind is in consequence refracted upwards, 
its velocity along the ground being greater 
than that at some distance above it. Its 
energy is dissipated upwards, and it will not 
affect a microphone or observer on the ground 
level. It was found impossible to make 
locations when, the ■wind was blowing from 
our side of the line towards the enemy; the 
reports of the guns never reached the micro- 
phones, or were drowned by other noises on 
our side of the line. On the other hand, 
when the wind was blowing from the batteries 
towards the recording stations, the reports 
were heard clearly and had a sharply marked 
commencement. 

The wind, besides displacing the apparent 
centre from which the sound wave is spread- 
ing, also causes irregularities due to local 
variation in velocity. The sound wave is 
slightly distorted and cannot be represented 
on the plotting board by the arc of a circle. 
No perfection in the accuracy ■with which 
timing is made -will obviate this, and the 
errors thereby caused can only he reduced to 
reasonable dimensions by ha^ving the record- 
ing stations a long distance apart. The 
system of recording stations, generally five 
or six in number, constitutes what is termed 
the sound-ranging “ base,” and it is necessary 
to have a base from 5000 to 8000 metres 
in length in order to record with accuracy 
guns at normal ranges. 

§ (3) Sound-banging Stations, (i.) The 
Base. — Fig. 2 shows diagrammatically the 
general arrangement of the microphones and 
central station which was employed on the 
British front. The receiving stations were 
six in number. They were arranged regularly 
along a base three or four miles in extent, 
at positions which were surveyed ■with extreme 
accuracy. The relative positions of the 
microphones must be kno^sro to a metre, and 
their absolute positions with relation to the 
trigonometrical framework to about twenty 
metres, if the locations are to be accurate. 
The base was situated about 3000 metres 
from the front line. Each microphone was 
connected by cable to a central station 
behind the base, and at this station a record- 
ing apparatus registered the vaiiations in 
electrical current caused by the impinging of 
the sound on the microphones. It consisted 
of an Einthoven galvanometer, in which six 


mui wiros wore inoimtod botwocn tlio polos 
of tlio oU'otromagnot, each wire being con- 
nc(!t.(!(l to Olio of tho raicrophonea. Tlio 
ahadows of tlieao six 
wires wore thrown, by 
a suitable arrangement 
of lam]i and lenses, 
across a narrow slit in 
the side of a camera. 
A atriji of cinemato- 
graph film passed con- 
tinuously behind tho 
slit while a record was 
being taken, and, if tho 
Eintlioven wires wore 
stationary, tlio film 
when developed showed 
six eontinuous straight 
linos whore tho shadows 
of tho wires had pro- 
tootcid it from exposure 
to the light. If a 
wire nuivorod in response to a signal from 
a receiving station, tlio lino on tho film 
liad a (Mirrosponding “ broak.” The illumina- 
tion was cut oH ono hundred times a 
second by a toothed whool 
rotating in front of tho 
lamp, tho angular velocity 
of the wheel being regulated 
by a tuning-fork. In tliis 
way a series of timing linos 
was ruled aoross tho film, 
liy counting tho number of 
lines hetwoon two breaks, 
tho time interval between 
tho arrival of the sound at 
tho two stations could bo 
road. Fiff. 3 shows a typical 
record, that of the report 
of i a howiteer which has 
reached all six microphones 
in turn, Tho film has run 
from right to loft, so that 
the left-hand edge of each 
break marks tho anival of 
the sound, Tho time in- 
terval can be estimated on 
the film to •002 of a second. 

(ii.) ObmrmUon Posts . — 

In front of the sound- 
ranging base two forward 
observation posts wore sta- 
tioned. These were so 
placed that enemy guns 
werti heard at one post or 
the other at least throe 
seconds before tho sound 
arrived at tho nearest micro plione. Tho 
observer In each post pressed a key when 
he hoard a gun fire, and tho key operated 
electrically a switch at tho central station 
wWoh sot in motion the recording apparatus. 


The observer kept the key depressed until 
ho judged that the sound of "the gun and of the 
shell-burst had reached all the microphones. 
He then stopped the recording apparatus 
and telephoned to the central station such 
information about tho sound as would aid 
tho computing staff to make the location. 
The film was developed and fixed, the time 
intervals read, and the ]position of the gun 
plotted on a chart of the si^rrounding district. 
An automatic means of developing and fixing 
the film was finally adopted by means of which 
these two processes could be completed in 
fifteen seconds. 

(iii.) The Microphone . — The microphone was 
of a special type.^ The report of a gun differs 
from other sounds in that a great part of the 
energy is represented by waves of very low 
frequency. In the case of a IS-in. gun, for 
instance, the main oscillations of pressure 
occur at the rate of four or five per second. 
The microphone was made responsive to 
waves of low frequency, and was practically 
unaffected by the rapid oscillations of pressure 
caused by other noises than reports or shell- 
bursts. A gun-report almost imperceptible 


to the ear was recorded by it, whereas rifle 
fire, the noise of traffic, and other disturbances, 
produced no effect. This tuning was done by 
placing it in a small aperture opening into a 
1 Sec “Microphone, The Hot Wire,” Vol. II. 


tnumy battertsa 



ifta. 2. 


Eeporfc reacliea No, 1 
Microphone. 


Eeport roachca No. C 
MlcroiJhono, 



■PlQ. 3. — The flRuro is an enlarged print of the record of a 16-om. 
liowltzor, the report of whicii has reached No. 1 mici'ophone first 
and No. 0 mlcropliono last. The film has been moving from right 
to left while tlio record was being taken. The time intervals are 
marked by vertical linos, one hundred to the second, every tenth 
lino being heavier so as to facilitate counting. The horizontal lines 
represent tho sliadows of tho Elnthoven strings, which lie across 
tho slit behind wlilch the film is exposed, and the movements of 
which arc sliown on the record. 



the Helmholtz resonator, constituting a highly 
damped system whose natural period was 
about one-twelfth of a soeond. It was further 
necessary to devise a typo of microphone wliioli 
recorded the amplitude aird Avavo-length of 
the sound, and therefore gave charaoteristie 
records. Many other sounds interfere with 
those from the gun being located, and this 
made it necessary to be able to recognise on 
the film the breaks which belonged to the 
same series. 

§ (4) Tina “ Ondm dm Oitoo.” — One of the 
most formidable difficulties in measuring the 
time of the arrival of tlio report was found 
to be the “ Ondo do choc,” or “ Shell-wave,” 
which prooodos the true report when the 
observer is within a certain area in front of 
a gun which is firing. The shell from a gun 
travels initially witli a volooity greater than 
that of sound, and in so doing it oroatoa in 
the air a conical bow-wavo such as is evident 
in the well-known photographs of a riflo- 
bullot in flight. This bow-wavo is heard 
as a sharp crack, the intensity of which, as 
judged by tlio oar, is generally very much 
greater than that of the report which suoooods 
it. The shc'll-wavc allccts the ordinary typo 
of contact microphone to a far greater extent 
than does the gun-rei)ort, and generally masks 
the latter in consoquonco. The special Lyj)0 
of microphone employed, invented by Liout. 
Tucker and named after him, distinguishes 
between the two sounds, and the adoption of 
this microplione contributed very greatly to 
the success of Sound Ranging in the British 
army. 

§ (5) Looation OB’ Sirioix-BUHSTS.— When 
a record of a battery in action was obtained, 
it was ])oafliblo to locate the bursts of the 
shells as well as the guns which were firing. 
The distance between gun and burst told 
the range at which the battery was firing, 
and a simple calculation from the time 
interval on tlie film between report and burst 
gave the time of flight of the shell. By 
comparing the range and time of flight with 
those for various types of guns as given in the 
range - tables, a guide to the calibre of the 
piece could be obtained. The shell-wave was 
alst) of assistance in the determination of the 
typo of gun. No shell-wave is created by 
the low-velooity shell from a howitzer, so 
that howitzers and guns could at once bo 
distinguished. The heavier the piece, and 
the greater the initial velocity of the shell, 
the longer is the time interval between the 
shell- wave and tlio gun -report os heard by an 
observer in the line of fire. Tliis interval 
can be calculated from the range-tables for 
oaoli gun, and when the interval road off from 
the film is corrected for the elevation and 
lino of fire, it is a guide in the determination 


length of the sound increased with the 
calibre, and could ho used as an indication 
of it. Finally, since the position of the 
bursts had been recorded, it was possible 
in many cases to tell the calibre from the 
fragments of shell and the fuses in the shell - 
eratora. 

This information was of groat value. The 
number and character of the batteries on any 
pavtievdar section of front was an indication 
of the ollensivo or dofonsivo intentions of 
the enemy in that area. Further, iu cases 
w'hore largo numbers of batteries wore placed 
in a limited area, locations, owing to errors, 
might overlap to a oonsidorahlo extent. If 
the calibre wore determined in each case, this 
mass of locations could bo resolved into groups 
which wore assignable each to one battery, 
and the probable position of that battery 
fixed with greater certainty. 

§ (fl) Wind and TEMrisuATuun: Corbeo- 
TIONS. — It has boon stated that wind and 
temperature oorroctions play an imjiortant 
part in accuracy of looation. If rays are 
drawn from the source of the sound, those 
rays being ovorywhore normal to the wave, 
like those used to illuatrnto the propagation 
of light, then the sound will travel from 
source to microphone along that path for 
which the time taken is the sliortest possible. 
When the wind is blowing frum the gun 
towards the microjihono, the Jiighest point 
on the path may be one or two thousand 
feet above tlio surface of the ground, since 
at those heights the greater wind velocity 
more than compensates for the longer distanoo 
over vvhicli tlie sound has to travel. The 
temperature may be very different at these 
heights from that near the ground. The 
problem of calculating the eorrootions is so 
ooinpUcatod that it was found necessary to 
determine them empirically. At certain 
points, at some distance behind the front, 
mieroj)hono8 were arranged on the arc of a 
circle of about 7000 metres radius. Fvery 
hour a charge was exploded at the centre of 
the circle and the average velocity of tlie 
sound travelling to each microplione was 
determined directly. From those data, values 
for the '* effective wind and temperature ” 
could be oalculatec! which, when applied os 
eorrootions to the results obtained by sections 
at the front, brouglit their locations on to the 
true gun positions. The effective wind and 
temperature found in this way were nearly 
the same for all the stations on the fnmt, 
except when some rajiid change in the weather 
nemditions was taking place. By oomparison 
of these results with the meteorological data 
measured in the ordinary way, ern[)iric'al 
relationships between them were formulated 
which could bo used when the special installa- 
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not in action. 

§ (7) Muthod of Use. — -Sound Ranging could 
only be employed wlion the front remained 
stationary for several days at the least. In 
installing a section, a base must be i)lannod and 
carefully surveyed, positions made for the 
mioroplioncs, central station, and advanced 
]) 08 tH ; some forty or fifty miles of cable laid 
in an exposed situation, the a^jparatus sot 
up, and the chart constructed on which the 
results are y)lottod. The time necessary to 
carry this out was roducotl by ti'aining and 
experience to two or three days, and could no 
doubt bo still further reduced by improved 
methods. If a method of wiroloss trans- 
mission of the signals could bo devised, it 
would obviate the lat)our and delays caused 
by the constant cutting of the cable by 
traflle and shell-lire. Though the use of 
Bound Ranging has hitherto been restricted 
to conditions of stationary warfare, it may 
develop into a moans of location available 
under all conditions. w l b 


Sotr.HuiNQ MAOirrNKfl. Bee “ Navigation and 
Navigational Instruments,” § (17) (iii.). 

BPAOis-LATTtCKH dolinod by l''rankenhoim and 
Bravais, 10111110011 in number, fundamental 
to the 2110 modes of arranging points in a 
homogeneous struoturo such m is possible 
to crystals. Bee “ ( Vystallography,” § (11). 

Bpark-qai*: the maximum sparking distanoo 
hetween point or sphere oloetmdcs, tlio 
degree of seiiaration being a measure of the 
applied voltage, Bee ” Radiology,” § (20). 

Bpiwnnn fl kat of (1i,ahh. Bee “ Olass,” § (28). 

BpKotPtcj iNinroTtvu Uapaiuty of Glass. See 
” UlasB,” § {m. 

BPKorFtu RBstsTANciK OF Gi,A.ss. Soo “ Glass,” 
§ (30). 

Bprctka : 

Are and spark, Fowler’s work on. Bee 
” Bpootroscopy, Modern,” § (11). 

Band : a type of s|)eetrum, usually associatod 
with the spectra of oompounds or mole- 
cules, which are composed of bands ; that 
is, of groups t)f lines which converge to 
dofinita heads, the head of a band being 
fratpiently the strongest line in the band. 
The lines in a series of bands may bo 
represented by the formula 

where A, B, 0 are constants and m and n 
intcgcra. Bee ibid. § (12). 

CloHsili cation of luminous, into two classes : 
(1) oontimunis spectra, duo to the radia- 
tion of lu'atcd solids ; (2) discontinuoua 
spectra, in general peculiar to luminous 
gases. Bee ibid. § (2). 


Hilu ruMuiuuou in. nee i^iurac- 
tion Gratings, I’licory of,” § ((>). 

Overlapping. Bee ibid. § (7). 

SPECTIIOMETKII. Sco “ Spectroscopes and 
Ref ractometors . ’ ’ 

Adjustments of. See “Spectroscopes and 
Rcfraott)metors,” § (8). 

Hilger’s Constant deviation type used as 
monochromatic! illuminator. See “ Im- 
mersion Refractomotry,” § (7). 

SPECTROPHOTOMETRY 

I. iNTIlOnuCiTION 

All sources of illumination, such as the sun, 
the electric are and spark, the incandescent 
olootric lamp, the gas and kerosene llames, 
the flro-fly, and countless otliors, emit what is 
known os radiant energy. When this impinges 
upon any obstacle and is in i)art absorbed, 
there is, in general, a rise of temperature of 
the absorbing substance. Other manifesta- 
tions of the rocoption of radiant energy are 
also well known. Some kinds, for instance, 
when reaehing the retina of the eye give rise 
to the Honsatitm of oolour, some cause blacken- 
ing of a photographic plate (when it is exposed 
and devolopod), some give rise to an elootrio 
cuiTont under oorbniu conditions, and so on. 
Tho timo-rato of transfer of radiant energy is 
oallofl the radiant juiwov, and this may, of 
course, bo expressed in tho same units as 
other power. It has bociorae of groat import- 
ance in many braneljes of soionce and industry 
to be able to analyse (pialitativoly and quanti- 
tatively tho radiant power which any source 
omits, or that wliieh a given material may 
transmit or rolleet. 

When this radiant ])owor is examined by 
moans of a prism and the resulting spectrum, 
it is found that only a part is visible to tho 
eye ; that boytmd the rod end of tho spectrum 
is a large invisible region, called tho infra-red, 
which may bo dotected by means oE the rise 
in temporaturo of various kinds of sensitive 
radiometers ; and tliat in tho other direction 
beyond tlie violet is a second invisible region, 
called tho idtra-viold, which may, if sufficiently 
intense, bo dotootod by these same radiometers, 
but much more easily by the photograpldc 
plate or photoolootrio cell. 

Tho usual types of radiometer, wliioh depend 
f{)r tholr action prirnai’lly upon tho heating 
offoot of the incident radiant power, are non- 
soloctive as regards wave-length or frequency, 
and oan bo used to measure this power in 
absolute quantities. Tho eye is difforont 
from tho radiometer, however, in being 
sonsitivo U) only a i)art of the radiant power 
from any source, that part by definition being 
tho visible region of tho speotrum. It is also 
difloront in tliat it cannot give the absolute 
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value of this radiant power. When, however, 
two beams of light of the same quality and 
brightness are brought into the proper juxta- 
position, the eye can detect very small varia- 
tions of brightness in either beam provided 
the other remains constant. Therefore, if the 
proper means are available for varying the 
brightness of either beam, the two may very 
accurately be brought to the same brightness. 
This fact is the fundamental basis of photo- 
metry. 

Spectbophotometev, strictly speaking, is 
the visual measurement of relative radiant 
power as a function of wave-length or fre- 
quency. The term, however, is usually not 
limited to visual methods ; it is often made 
to include also certain radiometric, photo- 
electric, and photographic methods of measure- 
ment used not only in the visible region but 
in the ultra-violet or infra-red. The term is 
so used herein. The kinds of work are many 
and varied, but may be classed, in general, 
under three heads : 

(i.) The measurement of the relative spectral 
distribution of radiant power of sources of light. 
If the absolute or relative spectral distribution 
is known for any one source, used as a standard, 
the others may easily be computed. 

(ii.) The measurement of the spectral trans- 
missive properties of transparent materials, 
such as eye-protective or signal glasses, dyes, 
oils, and aU kinds of organic and inorganio 
solutions — in fact, solid, hquid, and gaseous 
matter of great variety. 

(iii.) The measurement of the diffuse spectral 
reflection of opaque objects, such as paints, 
cloth, paper, and so on. Magnesium carbonate 
or oxide is usually taken as a standard white 
for comparison purposes. 

SpbotbophotometbV is generally admitted 
to be the fundamental basis of colour specifica- 
tion. “ A spectrophotometric table, derived 
from at least twenty-five points (for a con- 
tinuous spectrum), gives the only unique 
description of a colour, and it appears probable 
to the writer that the requirements of precision 
technical colour measurement are most likely 
to be met by the development of simple and 
rapid means of plotting and recording accurate 
spectrum plots of reflection or transmission 
characteristics.” The large and growing 
demand made by industrial and commercial 
as well as scientific interests for the standard- 
isation and specification of colours may be 
partly reahsed by referring to a paper on 
“ The Work of the (U.S.) National Bureau of 
Standards on the Estabhshment of Colour 
Standards and Methods of Colour Specifica- 
tion.” ® The relation between spectrophoto- 
metry and colourimetry will be brought out 
more fuUy in Part II. 

* Ives, Jour. FranJclin Inst., 1915, clxxx. 700. 

> Priest, Trans. T.E.S., 1918. xiil. 38. 


It has not been attempted to give a history, 
of the science of spectrophotometry nor a 
complete bibliography. Such will be found, 
up to the year 1905, in Kayser’s Handbuch der 
Spectroscopie, vol. iii. A fairly detailed de- 
scription of visual instruments in use up to 
1909 is also given in Kriiss’ Kolorimetrie und 
Quantitative Spehtrcdanalyse. The references 
given herein, however, cover the field in a 
general way ; and a study of the papers cited, 
together with the references which they in 
turn suggest, will lead one directly into a 
comprehensive study of the whole subject. 

Most of the different types of visual instru- 
ment are mentioned herein. Since certain 
fundamental principles underlie the use of all 
of them, one of these instruments has been 
selected for a detailed description of method 
of use. The instrument and method so 
selected have been proved accurate and reli- 
able by ' direct and extensive comparison of 
results with those obtained by other methods, 
not visual. The photoelectric and photo- 
graphic methods so tested are likewise, by 
this intercomparison, proved accurate and 
rehable. They are both null methods and 
eliminate many possible errors, uncertainties, 
and difficulties. Because of their importance 
in confirming and extending results obtained 
visually, these are also described 'in detail. 
A fourth method available in this inter- 
comparison of methods has been the thermo- 
electric method. This is briefly described, 
but the large and important subject of spectro- 
radiometry in the infra-red is otherwise un- 
touched. This fourfold comparison of methods 
has made it possible to found a statement of 
the accuracy at present obtainable by spectro- 
photometric methods upon a basis of fact 
rather than of opinion ; but there is no reason 
to believe that the accuracy obtainable may 
not be still further increased by further work 
along this line. 

II. Relation oe Speotkophotometby 

TO COLOTTBIMBTBY 

§ (1) The Need eob a Recognised Nombn- 
OLATUBE AND System OP Standabds. — For 
an intelligent discussion and understanding 
of any science there should be available an 
exact and well-known nomenclature and 
system of standards. Otherwise one is under 
the necessity of giving detailed definitions 
of all terms used if he wishes to be sure that 
the reader will understand by the terms what 
he himself has in mind. This has been largely 
the case in papers on spectrophotometry, 
especially those which have reference to the 
measurement of the transmissive properties 
of materials, which part of the science has 
probably had a wider field of application 
than the others. 


JLne sciences ot spectropnotometry and 
colourimetry are inseparably connected ; and 
a majority of the terms and expressions used 
in one are also necessary in the other.' An 
effort to eliminate the present confusion in 
the nomenclature of the science of colouri- 
metry lias been initiated by the Optical 
Society of America and a ]3reliminary report 
made.^ Tiio following paragraph from the ■ 
introduction to this Report is very pertinent in 
this connection : 

In the field of cliromatica and eolourimotry, experi- 
ment and knowledge have outrun cstabliahod and 
recognised language. There are many names for the 
same thing and many dilferont things dcsignaled 
by the same name. Progress requires the co- 
operation of individuals and the co-ordination and 
disoussion of results ; and co-operation and discussion 
are primarily conditioned upon unambiguous 
language. While numerous pleas for standardifiatiun 
and some detached recommendations for particular 
definitions and terms have been made in the past, 
no attempt at all commensurate with the magnitude 
and importance of the subject has boon made to 
formulate and present a consistent organised system 
of nomenolaturo as extensive os is found necessary 
in practieo. Probably the most urgent need of 
eolourimotry is the establishment of a rooognisod 
nomenolaturo and system of standards, fl’o one not 
thoroughly familiar with tho suhjecst, the insistence 
upon this, and particularly tho elaborate and exten- 
sive system witli fine diatinotiona of meaning to bo 
set forth in this report, may appear podantio and 
aoadomio. Not so to him whoso daily work is in 
this field, for in his preparation of reports and ordinary 
conversation with his colloagues and assistants, lie 
is continually inoonvonionoed and annoyed by tho 
oiroumlooution and miaundemtanding oooasionod by 
lack of suitable terms ,and symbols to express his 
ideas and findings cogently and without ambiguity. 
Ho finds tliat the orderly and ofileiont conduct ot 
his work compels him to nssumo tho tedious and un- 
pleasant tasic of formulating a nomenolaturo. Tliis 
nooossity is tho cause of tlio present report. 

Certain parts of this Nomonolaturc Report 
are of special value for tho scionoo of spectro- 
photoraotry, and are therefore fwosontod here. 

* All tho quotations in Part II. of the present 
article are taken from that Report. 

§ (2) C-HNlSRAIi TiSEMINOLOGY. — “ CobOUE 
is the sensation due to stimulation of tho 
optic nerve.” 

“ Colour may bo evoked by various stimuli 
acting on the optic nerve, for example, 
mechanical and electrical stimuli ; but tho 
only one of these with which wo shall bo 
much ooncemod is light (see definition below), 
which may bo called the proper or ordinary 
stimulus of colour. 

“ In adhering to the strictly suhjootivo 
definition of colour we are not estopped from 

’ Optical Roeiety of Amedca, Committee on 
Nomencilature and Rtondards, Rnb-eommlttno on | 
Colourimetry, I, (b Priest, Chairman, Report, It) 1 9 
(Preliminary Draft), IT.a. Bureau ot Htanclards 
Library, Wasliington, B.C. I 


tlio use of such convenient expressions as 
' the colour of light,’ or tho ‘ colour of a 
material,’ for we proceed consistently to 
define : 

“ Tho colour of light as the sensation which 
that light evokes ; and 

“ The colour of a material as tho sensation 
evoked by the light transmitted or reflected 
by that material under specified conditions 
of illumination,” 

“ (UiKOMATic.R is tho science of colour.” 

“ Colourimetry is tho science and practice 
of determining and specifying colours by 
reference to tho stimuli and conditions which 
evoke them.” 

“ Lkiiit is rnilinnt power multiplied by tho 
visiniLiTY of tho radiant power in ciuostion.” 

“ Radiation is tho process by which energy 
is propagated through space. . . 

“ Radiometry is tho measurement of 
radiant energy or radiant power.” Sx)octro- 
photometry is thus soon to bo one branch of 
radiometry. 

• “ Tho Spectrum is a graphic arrangement 
or setting in order of radiant energy with 
respect to wavc-longth or froquonoy.” 

Tho wave-length units which arc convoniont 
for use in spectrophotometry are tho micron, n 
(ono-inillionth of tho metro), and tho milli- 
micron, mg (one -thousandth of the micron). 
Tho latter unit is used throughout this article. 

“ JJuxLLiANCE is that attribute of colour 
wthout which colour cannot exist, tho 
attribute in respect of which all colours may 
bo olassiflod as equivalent to one or another 
of a series of grays of wliidi black and white 
are tho terminal members.” 

“ Hub is that attribute of colour in respect 
of which it differs from gray, tlio attribute in 
respoot of which colours may bo classifled as 
reel, orange, yellow, green, bhte, violet, and 
purple, or their intermediates.” 

“ Saturation is tho distinotnoss or vivid- 
ness of /wte.” 

“ Quality is tho x>i'“porty of colour due to 
its hue and saturation." 

§ (3) Methods oe Speoieyino Colour. — 
“ A colour may bo specified by roferono© to 
stimuli in the following ways : 

“(i.)By specification of the identical 
radiant power actually evoking tho colour, 
both in regard to 

(а) Its total amount, 

(б) Its sxieotral distribution. 

“The crude Hpecifioation of spectral distribution 
referring roughly to spectral regions rather than 
pointe is sometimes used for special puqioses,® 
but its limitations must bo Iccpt in, mind. 

“ Tho partial spooifioation of spectral distribution 
may bo used as a colour Hpeolftcation in particular 

® Ives, Tint Photometer, Tleas-Tvosno,, riilladelplila : 
Block, “ Dio Konnzelchming der Farbo dcs Liclitcs,’* 
MUctrot, Zs., 1918, xlvl. 1300. 



cases, ^ but as in the case above, its linutationa must 
be carefully observed in order to avoid erroneous 
oouclusions.” 

“ (ii.) By specification of a stimulus empiric- 
ally found to evoke the same colour in 
juxtaposition. 

“ There are, in practice, -several important 
special cases of this. They are : 

“ (a) The stimulus composed of hetero- 
geneous light of the spectral distribution 
which alone evokes the colour gray plus 
homogeneous light-- — the wave-length of the 
latter, the total light, and the ratio of hetero- 
geneous to homogeneous light all being ad- 
justed by trial and error until the sensation 
evoked is exactly like the colour to be specified.- 
This method we call homo-hetero -analysis. 

“ (6) The stimulus composed of lights of 
three (or more) different _ frequencies (or 
frequency ranges), the relative and absolute 
values of which are adjusted by trial and error 
until the sensation evoked, is exactly like the 
colour to be specified.® 

“ (c) The spectral distribution of energy of 
the stimulus modified by rotatory dispersion, 
and its total radiant power adjusted in any 
way by trial and error to evoke a sensation 
exactly like the colour to be specified. 

“ (d) The spectral distribution of energy 
of the stimulus and its total radiant power 
modified by the selective transmission of 
glasses or solutions ® chosen by trial and error 
to evoke a colour exactly like the colour to 
be specified. 

“ (e) The stimulus being radiairt power 
from a complete radiator (‘ black body ’), the 
temperature of which is varied until the 
quality of the colour evoked is exactly like 
that of the colour to be specified, the spectral 
distribution of energy being a known function 
of temperature.” 

§ (4) The Fundamental, Physical Basis 
OF CoLOHBiMETBY. — “ The method indicated 
under (i.) of § (3) is, of course, the primary 
basis of colourimetry.” In this oonnootion, 
note the statement by Ives “ already referred to. 

* Priest and Peters, Bur. Stand. Tech. Pap. No. 92. 

“ Bezold, Theory of Colour, Eng. trans. by Koehler, 

Am. Ed., 1876, p. 100 ; Eood, Modern Chromatics, 
1879, chaps, hi. and xiv. p. 213 ; Abney, Colour 
Meamremmt and Mixture, 1891, chaps, iv. and xlii. ; 
Nutting, Bur. Stand. Bull., 1913, lx. 1 ; Jones, 
Trans. I.B.S., 1914, ix. 687 ; Priest, Jour. Wash. 
Acad., Eeb. 4, 1916. 

’ Maxwell, “ Colour Box,” J. Clerk-Maxwell, Sd. 
Pap. 1. 420: P. E. Ives, Jour. Frank. Inst., 1907, 
cixiv. 47 and 421 ; Howland, Science Conspectus Soe. 
of Arts, Mass. Inst, of Tech., 1916, vi. 29 ; Carpets, 
Wall Papers, and Curtains, Feb. -2, 1918. 

* Konig, Ann. derPhy., 1882, xvil. 990 ; Melsbeig, 
Zs. far anal. Chem., 1904, xliil. 137 ; Arons, Ann. der 
Phys. (4), 1910, xxxili. 709, and ibid. (4), 1912, xxxlx. 
545 : Priest, Phys. Rev. (2), 1917, ix. 341, and ibid. x. 
208. 

“ Lovlbond tintometer ; ” Amy’s Solutions,” 

H. V. Amy, JoUr, Ind. and Bng. Chem., Oct. 1919, 
xl. 960, . 

‘ Ives, Journ. Frank. Inst,, 1916, clxxx. 700. 


itacuometiry, m us niusi ycncrai sense, is 
the key to all fundamental work in colouri- 
metry. Some empirical testing and comparing 
may*^be done without direct reference to it ; 
and its bearing on the subject may not be 
obvious to the casual observer of routine 
testing ; but the essence of all fundamental 
standardisation is radiometry. Note the 
following : 

“ (a) The fundamental reference standards 
of colourimetry are light sources of specified 
energy distribution. 

“ (6) The most important specification of 
the colour of a transparent plate is its spectral 
transmission. 

“ (c) The most important specification of 
the colour of an opaque object is its spectral 
reflection. 

“ If two transparent objects have identical 
spectral transmissions, or two opaque objects 
identical spectral reflections, they will evoke 
colours exactly alike in light of any spectral 
energy distribution. Moreover, this is the 
only form of colour specification for materials 
which will ensure this result.” 

§ (5) Teohnologioal Applications op 
Speotbophotometry. — The foUo^ving ex- 
amples will illustrate to what uses the science 
of spectrophotometry has been or may be put 
as regards its technological applications : 

Many vegetable oils, such as cotton-seed 
oil, for example, have for many years been 
graded from the standpoint of their colour, 
approximate and empirical methods being 
used. The present status of this work, and 
the growing demand that the standardisation 
be put upon a spectrophotometric basis, may 
be noted by referring to recent numbers of 
the Cotton Oil Press.’’ 

Accurate spectrophotometric data are of 
value in the analysis of dyes,® or would be if 
such were available to any great extent. The 
concentration of all kinds of solutions might 
also he determined from known transmissive 
data. 

The great importance of soouring adocjuato protec- 
tion from injurious radiant energy is now well 
recognised, and a large number of glasses are on tlie 
market advertised to protect the eyes from the ultra- 
violet and infra-rod and from excessive brightness in 
the visible region. Since both the amount and the 
wave-length of the transmitted energy determine 
the value of those glasses for protective purposes, it 
is obvious that their transmission curves should be 
accurately known. The results of such a study on 
a large number of glasses in the ultra-violet, visible, 
and infra-red have been published.® The last of 
these papers gives also the spectral transmission of 

’’ Chemists’ Section, conducted by the American 
Oil Ohemists’ Society, e.g. Jan. 1921, pp. 42-44. 

® Mathowson, Assoc. Off. Agr. Chem. vol. il. No. 2, 
p. 164. 

“ Bur. Stand. Tech. Pap. No. 93, 1917, 3rd. ed., 1919 ; 
No. 119, 1919 ; No. 148, 1920. 


coloured railway signal glasses and of glasses used in 
ultra-violet signalling. 

Selective ray filters, both of glass and of dyed 
gelatine films, are now widely used to increase 
visibility (i.e. the ability to sec clearly).^ This is 
true not only visually, but has become of great 
importance in aeroplane photography. The increase 
in visibility is brought about by absorption of the 
shorter wave-lengths, and the spectral transmission 
of the glasses aird dyes used is necessary to make 
any intelligent study of the subject. Other filters, 
especially the dichromatic rod-blue kind, are of 
value in the detection of chromatic camouflage. 

III. ViSTTAL Instruments 

§ (0) General Characteristios. — Tho 
visual spectrophoto7neter, as tho name would 
imply, is really composed of two separate instru- 
ments, the spectrometer and the photometer ; 
and various problems in the construction 
and use of these instruments are, therefore, 
present in their combination. Those which 
have special reference to spectrophotometry 
as a single and separate science will bo dis- 
cussed at the proper places. 

. (i.) The Pliolometria Field . — In practically 
all visual spectrophotometers two beams of 
light (beams I and 2) of approximately the 
same wave-length are finally brought to form 
the two parts of what is called a photo- 
metric or comparison field, which may be 
viewed by the eye, and the brightness of one 
or both parts of which may be varied at will 
in a known manner, tho two parts being 
finally brought to a match — that is, to an 
equality of brightness. 

Some of the common types of photometric 
field are shown in Fig. 1. Tho light in parts 
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Fra. 1. — Types of Photometric Field. 


1 and 2 comes from beams 1 and 2, roapootively. 
Type B is slightly different from the others 
and is known as a contrast field. Its con- 
struction is such that the trapezoidal parts are 
slightly darker than tho surrounding field, 
equality of contrast being tho criterion for a 
match. Type E is that usually obtained when 
a simple spectrometer with eyepiece is used, tho 
light in parts 1 and 2 coming from different 
parts of the same slit. No one of these types 
has any special advantage over the others, 
unless it is type B, which is probably loss 
fatiguing to tiro eye, and in the faint red and 
blue regions more sensitive than tlio others. 

(ii.) Conditions for High Sensibility. — 
One of the most important conditions for 
> Phvs. Rev. (2), 1019, xlv. 201. 


obtaining maximum sensibility is that tho 
dividing lino or lines between joarts 1 and 2 
of tho iihotomotric field should be as lino as 
possible and should disappear when tho match 
has been made. Another essential condition 
is that tho field bo of tho proper angular size. 
A field subtending an angle of 3 to 5 degrees 
is considered very suitable. These two con- 
ditions are, of course, understood and, so far as 
possible, complied with by tho makers of com- 
mercial instruments. 

A third condition for obtaining maximum 
sensibility is that the field be of tho proper 
brightness. In specitrophotometry one is seldom 
troubled by having too much light. For 
tho sake of tho measurements in tho low- 
visibility parts of tho spectrum — tho rod, bhio, 
and violet — one should, in general, strive to 
Ivavo as much light as possible available. If 
the field becomes too bright throughout tho 
green and yellow, it may easily be reduced 
by narrowing tho slits of the instrument or 
by moans of rotating sectors. It is also very 
important for accurate work that each separate 
part of the field bo of uniform brightness. 

In addition, the eye should be protected 
from all stray light ; tho room should bo 
dimly lighted, if at all ; and if tho observer 
has to record his own observations, tho 
illumination of tho record sheet should bo as 
low as can bo used. A single glance at a bright 
sheet of ])apor or other light may inoapaoitato 
an observer’s eye for several minutes if ho is 
working at low brightness. 

With any instrument or method, too, there will 
bo oortain conditions under whicih meaHurcmcMitH 
may bo made with maximum prooision j and every 
instrument should be studied and used with this 
in mind. For example, at what value on tho scale 
(i.e. at what slit-wicltli, at wliat distance, at wluit 
angle of tho niool, etc.), at wliat conoentration and 
thickness of aolntion, ol.o., will tho peroentngo error 
in tho final result bo the least if an error of one 
division is made in tlio setting ? Kueh a study is 
too often noglootod. 

(iii.) The Sources of Illumination . — When 
the relative spectral distribution of radiant 
power of a light is to ho obtained, tho follow- 
ing essential conditions should bo mot : 

(rt) A source of illumination must be avail- 
able whoso relative spectral radiant power is 
accurately known, so that it may bo used as 
a standard. 

(b) Light from this standard and from the 
unlcnown source must bo subject to tho same 
conditions ; that is, they must travel along 
identical paths and bo compared in turn with 
tho same illumination, supplied by a third 
source. 

(c) All tho sources of illumination must ho 
kept of constant value while moasuromonts 
arc being made. 

If the si)ectral transmissive or roflootivo 



properties of materials are to be studied, the 
apparatus should be so constructed, if possible, 
that the following conditions are true : 

(a) The two beams of light should originate 
from the same source, so that fluctuation will 
not introduce errors. 

(b) It should be possible to obtain diffuse 
spectral reflection as quickly and as accurately 
as spectral transmissive properties. 

(c) In work on transmissive prop)erties no 
error should be introduced or correction needed 
because of the change in length of the optical 
path caused by the beam traversing the 
specimen. 

(d) In reflection work the illumination of 
the surface should be as nearly as possible 
equally diffuse from all directions, and the 
sample should be studied from a direction 
normal to its surface. 

(e) The illumination should be intense 
enough to permit of very narrow slits being 
used ; for the narrower the slit' the purer the 
spectrum and the more accurate will be the 
measurements. An intense source of light will 
also make possible further and more accurate 
readings in the red and violet. 

(/) In addition to heterogeneous illumina- 
tion, sources of homogeneous illumination 
should be available at as many different wave- 
lengths as possible, that all slit-width errors 
may be completely eliminated and the hetero- 
geneous readings checked. 

(iv.) Methods of varying the Brightness of 
the Photometric Field . — Different well-known 
methods are available for varying the amount 
of light which comes to form the parts of the 
photometric field. In spectrophotometry the 
actual amount of light which enters the shts 
of the instrument is not required ; it is 
rather the relative amounts under specified 
conditions. 

One may vary the brightness by varying the 
distance of a small source of light from the 
slit, the amount of light entering the slit for 
any two positions of the source being inversely 
proportional to the squares of the distances 
between the source and sht (or screen before 
the sht) in the two cases. This relation is very 
accurate, provided the diameter of the source 
is very small compared to the distances being 
used, e.g. 1/25. 

A second accurate method is to use a pair 
of polarising niool prisms in the path of the 
light. The light transmitted is then zero when 
the nicols are crossed and a maximum at a 
position 90 degrees from that, and the amount 
transmitted at intermediate positions is pro- 
portional to the square of the sine of the angle 
measured from the position of extinction. The 
faces of the nicols should be perpendicular to 
the direction of propagation of the light, the 
Ught entering the first nicol should be un- 
polarised, and the first nicol only should be 


rotated. Other combinations of polarising 
prisms may bo also used, such, for example, 
as three nicol prisms (the middle one being 
rotated), or a Wollaston prism and nicol. 

Varying the widths of the slits is a method 
often used with certain types of instruments, 
the brightness being taken proportional to the 
slit-width. This method is, however, “ bad 
at heart,” and should not be used where other 
methods are possible. In order to secure a 
suitable range of variation the slit-width has 
to be varied from a large part of a millimetre, 
which includes too much of the spectrum, 
making it very impure, down to a few 
hundredths of a millimetre where errors due 
to diffraction from the edges of the slit may 
become serious. It is probable, however, that 
this diffraction error is approximately elimin- 
ated by subtracting 0-02 mm. from all read- 
ings.^ The error resulting from the use of too 
wide a slit may become enormous if, for 
example, one is measuring the transmission of 
substances lUce didymium glass or the solutions 
of certain rare earths which have very strong 
and narrow absorption bands. Methods for 
making the slit-width correction have been 
derived.^ If it is necessary to use the slit- 
width method of varying the brightness, a 
thorough calibration should be made with a, 
rotating sector or other means under the same 
conditions of wave-length and brightness as 
are to be used in the investigation. 

A fourth method of varying the brightness 
is by the use of rotating sectors at speeds 
where flicker is no longer noticeable. The 
transmission of the sector as judged by the 
eye is accurately proportional to the aperture 
being used. Where this cannot be changed 
while the sector is rotating, the method is 
of greatest use as an auxiliary to increase 
the range of other methods. Sectors whose 
aperture may bo changed while in operation 
have, however, been designed,^ and in this 
form the method is as accurate and con- 
venient as any other. 

Other methods are sometimes used, such, 
for example, as interposing an absorbing wedge 
of varying thickness in the path of the light ; 
but these are, as a rule, not as suitable as the 
others mentioned. 

(v.) Calibration of the Dispersing Prism. 
— In spectrophotometrio work the wave- 
length (or frequency) calibration need not be 
made as exactly as is required for most 
spectroscopic work. Because the amount of 
the spectrum being examined at any wave- 
length is usually one or more millimicrons, it 

' Nichols and Merritt, Thys. Rev., 1910, xxxi. 502. 

“ Ibid. XXX. 328 : Hyde, Astrop. Jour., 1912, xxxv. 
237. 

“ Hyde, Astrop. Jour., 1912, xxxv. 257 ; Abney, 
Researches in Color Vision, p. 68 ; Brodhun, Zeiischr. 
f. Iristrk., 1907, xxvii. 8. The instrument described 
in the last reference has a rotating beam of light and 
a stationary but variable sector. 



is as a rule sufficient if the calibration can be 
guaranteed to a few tenths of a millimicron. 
The use of symmetrically opening slits is, of 
course, highly desirable, so that changing the 
width of a slit will change the effective wave- 
length as little as possible. 

The usual method of calibration is to locate 
the position of a number of well-known spectral 
lines on the arbitrary scale of the instrument. 
(If the scale is already graduated in wave- 
lengths it should be checked very carefully 
before using.) These Imes should bo well 
distributed from the extreme rod to the 
extreme violet, no extensive part of the 
spectrum being omitted. As a rule, the jnore 
lines one observes, the more accurate will be 
the calibration. The sources often used for 
this purpose include the mercury, helium, and 
hydrogen vacuum lamps, and the electric arc 
of metals like cadmium, copper, zmo, etc., 
whose spectra contain not too many lines. 

The known values of wave-length, or fre- 
quency, and the corresponding readings on 
the arbitrary scale of the speotrophotomotor 
should be plotted to a proper scale and a 
smooth curve carefully drawn through those 
points. It is then a simple matter to obtain 
the value of the arbitrary-scale reading for 
any desired wave-length or frequency. The 
frequency curve will bo found to have much 
less curvature, and is therefore safer to use 
if but few known values are available. 
Empirical equations have boon found which 
represent the wave-length curve quite accu- 
rately and which may be obtained when 
three or four linos well distributed over the 
range to be used have been accurately located. 
Tlie constants of the equation having boon 
obtained from those values, it may then bo 
used to compute the value of the arbitrary- 
scale reading for any desired wavo-longth. 
The use of equations, however, is apt to bo 
quite laborious, and tho graphical method first 
mentioned is ordinarily suffioiont. 

§ (7) Individual Types, (i.) Tlie Lummer- 
Brodhun Spectrophotometer. — Tho Lummor- 
Brodhun spectrophotometer ^ is a well-known 
instrument, a brief description of which will 
illustrate some of tho points already men- 
tioned. (A much more complete illustration 
of the various principles underlying tho use of 
any spectrophotometer will be found in l^art 
IV.) An outline diagram (plan) of tho instru- 
ment is shown in Fig. 2. The light in beams 
1 and 2 enters slits and Sj respectively of 
collimators T^ and T^, and is made parallel by 
lenses Lj and L^. These two beams of parallel 
light then enter the Lumraer-Brodhun cube 
at right angles to each other. 

This cube is composed of two pieces of 
glass. Part 2 is a right-angled total -reflection 

1 Zeitschr.f. InslrJc., 1802, xll. 132. Soo “Photo- 
metry and Illumination,” § (18). 


prism, and it used alone would roiieot all ot 
beam 2 towards P and all of beam 1 away 
from it. A small part of the surface of part 1 
is, however, cemented on to part 2 with Canada 



Pig. 2. — The Lunmicr-Brodhun Spcctrophotomotor. 

Ti, Ta "= collimatlnff tclcscopcH ; 'J'a «• observing tele- 
scope; S„ Sa, = vertical slits; Li, La, L,™ lenses; 
P»<dlspor8inR prism; C =« Lummor-Broillum cube — 
giving field of type 0, Pio. 1. 

balsam, tho rest of that surface of part 1 
being ground away so as not to bo in contact 
with part 2. Under these conditions the 
central part of beam 1 and tho outer part of 
beam 2 will form tho photometric field of 
typo C, Fig. L (Typo B is another common 
form of photometric field found with Lummor- 
Brodhun siiootrojihotometors.) This is viewed 
by the oyo placed at slit S,,, no oyopioco being 
used. Uniformity of tho field is obtained by 
using pieces of ground glass before slits and 
Sj or by having tho light come from illuminated 
pieces of magnesium carbonate. 

This instrument is especially well adapted 
to compare tho relative spectral distribution 
of radiant power of two light sources. When 
this is being done, it is best to compare each 
one of them in turn with a third source, this 
third source being placed, for example, before 
St, giving rise to beam 1, and the other two 
being in turn jilaood before Sg, giving rise to 
beam 2. Any one of tho methods already 
indicated, or a oombination of them, may bo 
used to vary tho amount of light entering 
slits Si and S* and thus biing the two parts 
of the photoraotrio field to equality. 

In transmission work two sources may bo 
used — or bettor, only one, the light being re- 
flected by miiTors or pieces of magnesium 
carbonate into the two slits. This will depend 
somewhat upon tho method used for varying 
tho brightness to obtain tho match when the 
sample being examined is iilacod in or out of 
one of the beams of light. For tho moasure- 
ment of diffuse or specular speotral reflection 
special auxiliary illumination apparatus is 
necessary. This may bo easily devised. 

(ii.) The Kdnig- Martens Spectrophotometer . — 
A second well-known instrument operating on 
a very different iirinoiplo is the Kdnig-Martena 


spectrophotometer. In this case variation of 
brightness of the photometric field is brought 
about within the instrument by polarising the 
light and intercepting it with a nicol prism. 
An outline diagram (plan) is given in Fig. 3. 



Jiha. 3. — The Konig-Martens Spectrophotometer. 


L=lenses; W=Wollaston prism; B=bi-pri3m, 
giving flolcl of type A, Fig. 1; P= dispersing prism 
(the deviation is away from the plane of the paper) ; 
lT=nicol prism; Si, S^, S3 “horizontal slits (Sj and 
So are parts of the same slit); ft “position of the 
eye. 

The light from beams 1 and 2 traverses 
the instrument approximately as shown. By 
means of the Wollaston prism each beam is 
split up into two parts vibrating at right angles 
to each other. One part of each beam is lost 
within the instrument; tlie remaining jearts, 
polarised mutually perpendicular, are brought 
by means of the bi-prism and lens to form the 
two halves of a photometric field, which is 
viewed by the eye through the nicol prism. 
Errors do not result from the partial polarisa- 
tion by the dispersing prism P, because the 
light is polarised by W after leaving P. The 
field is of type A, Fig. 1, the dividing line being 
produced by the apex of the bi-prism. Uni- 
formity of field may be secured in the same 
way as with the Lummer-Brodhun spectro- 
photometer. 

Since the two beams of light reaching the 
nicol are polarised in directions at right angles 
to each other, a rotation of the nicol prism will 
obviously increase the brightness of one half 
of the field while decreasing that of the other, 
one .becoming a maximum when the other be- 
comes extinct, and vice versa. The angular 
scale is made to read zero for one of the 
positions of extinction. 

If one of the original beams, e.g. beam 1, is 
kept constant while the other, beam 2, is 
varied, and a match has been obtained in 
two different oases, the brightness of beam 2 
in the first case to that in the second case will 
be given by the ratio of the squares of the 
tangents (or cotangents) of the angles of match. 
If beams 1 and 2 may be interchanged, the 
ratio of brightness is the product of the tangent 
of the angle of match in one case by the co- 
tangent in the other. Methods of using this 
instrument are explained in detail in Part IV. 

(iii.) Other Instruments. — These two ex- 
amples are illustrative of the great variety in 
method which has been employed to bring 
two beams of light of the same wave-length 
into the proper juxtaposition in a photometric 

' Ann, der Phys. (4), 1903, xii. 984. 


field, and to enable either or both beams to 
be varied in brightness at will in a continuous 
and known manner. They are illustrative of 
the two general classes into which visual 
spectrophotometers are often divided — viz. 
polarisation instruments and others (mostly of 
the variable-slit type). They are also illus- 
trative of another general division which might 
be made — viz. those which are designed 
primarily for the comparison of the spectral 
distribution of radiant power in two sources, 
and those in which the measurement of the 
spectral transmissive properties of materials is 
the main purpose in mind. With the proper 
auxiliary apparatus, however, most instru- 
ments may be used for both these purposes as 
well as for the measurement of diffuse reflec- 
tion. 

There are many other well-known instru- 
ments in addition to the two already de- 
scribed. One of the earliest types was the 
double-slit spectrometer of Vievordt,^ in which 
a single collimator carried a divided slit, 
either half of which could be varied in width 
independently of the other, values being com- 
puted from these known slit-widths. The type 
of field is that represented by E of Fig. 1. 
The accuracy possible with this instrument was 
increased by later investigators. Kriiss used 
slits which opened symmetrically on either 
side instead of having one side fixed and the 
other variable. Further improvements in this 
method by various investigators consisted in 
devising means for making the dividing line 
of the photometric field as fine as possible and 
at the same time separating the two beams of 
light a short distance to make it easier to 
insert a specimen m one beam without inter- 
fering with the other beam. One of the modern 
varieties of the double-slit instrument, but with 
two collimators and a Lummer-Brodhun cube, 
is called the Differential Speotrojphotometer,* 
in which the two slits work by a single screw 
in such a way that the sum of the two slit- 
widths remains constant. 

The Brace ® spectrophotometer is very 
similar in action to the Lummer-Brodhun, it 
having two collimators widely separated. In 
this instrument, however, the photometric 
field is formed in the prism itself ; it is of 
type D, Fig. 1. ' 

While much valuable work has been done 
with variable - slit instruments, the general 
accuracy and reliability of all of them are 
increased if some other means of varying the 
brightness of the photometric field is used ; 
and this has often been done.® 

= Pogg. Ann., 1869, cxxxvii. 200 ; 1870, cxl. 172. 

“ Rep. d. Phys., xlil. 267 ; Zeitschr. f. analytisohe 
Chemie, 1882, xxl. 182. 

‘ Shook, Astrop. Jour., 1017, l.xvi. 305. 

' Phil. Mag. (5), 1899, xlvili. 420 ; Astrop. Jour., 
1900, xi. 6. 

* B.g. Lemon, Astrop. Jour., 1914, xxxlx. 204. 


Spectrophotometers which make use of 
polarising apparatus to vary the briglitiiess of 
the field do not require the use of variable 
slits, but retain the same ease and speed of 
making settings. They sliould, however, like- 
wise be subjected to thorough test as to the 
possible presence of errors resulting from the 
polarising action of the dispersing prism or 
other parts of the ai)pai’atus. The objection 
often made to polarisation instruments, viz. 
the loss of light within the instrument, has 
become of little weight because of the high 
efficiency, especially in the blue atid violet, of 
the gas-filled incandescent lamps now avail- 
able. In addition to the Kdnig-Martens in- 
strument, elsewhere described in detail as to 
construction and use, the following methods 
have been used. 

In Glazebrook’s ^ instrument two widely 
separated beams are each jxjlarised by a niool 
prism, but mutually perpendicular. These are 
brought into juxtaposition and viewed by the 
eye through a third niool. By rotating this 
niool a photometric match is obtained, values 
being computed by the tau^ relation as with 
the Kdnig-Martens instrument. 

In another type of instrument,® similar in 
many respects to the Kdnig-Martens spootro- 
photometor, a single collimator is used. Light 
from two separated i>arts of the slit are 
polarised mutually perpendicular by means of 
a Rochon prism. The two beams, after pass- 
ing through a niool prism, finally form two 
contiguous spectra, any width of which may 
bo examined by the eye. Equality of bright- 
ness is obtained, again, by rotating the niool 
and values computed from the tan® relation. 

A polarisati(m instrument of different typo 
is that by Orova,® in wlrich the light in only 
one beam is polarised. In that beam two 
niool prisms are placed and equality of bright- 
ness obtained by rotating one of tlio niools, 
the sin® relation being used for the comi)uta- 
tion. In this instrument the two beams of 
light come from different j)art8 of the same 
slit, but that in one half is doflootod in by 
moans of a total reflection prism, its original 
direction being at right angles to the other. 
Throe nicols instead of two have sometimes 
been used.*' In this case the middle one is 
rotated ; and the sin “ relation must bo used 
in computations. 

In liiifner’s spootrophotometor ® one beam 
only is polarised, one nicol being placed in 
one beam before the collimator slit, the other 
in the observing telescope. Hlifner’s rhombic- 
prism scheme is used to bring two slightly 
separated beams into the proper juxtaposition 
through different i)arts of the same slit. 

^ Camh. T'roc., 1883, iv. .'iOl. 

“ Gian, WM. Ann., 1877, 1. 351. 

” Ann. de Chim. el Phya. (5), 1883, xxlx. 650. 

■' Zeiikor, Zeilachr.f, Imlk., 1883, Iv. 83. 

" Zeitachr. f. phyaik. Chemie, 1.881), ill. 502. 


The action of a polarisation instrument by 
Wild ® depends upon the vanishing of the 
interference bands formed by the lu’oper 
superposition of the two beams of light from 
any one source. 

Various devices are available by which any 
spectrometer may be converted into a spectro- 
I)hotometer ; in fact, some of the instru- 
ments already mentioned arc practically that. 
Total reflection or rhombic jJi'isms are used for 
this purpose, bringing two beams of light into 
separate but contiguous parts of the collimator 
slit. Auxiliary moans must bo provided for 
varying the brightness of one or both beams. 
Such methods have boon used by Mchols,'' 
Houston,® Ives,® Nutting,*® and others. 

One of the most recent forms of speetro- 
photometor is the Kouffcl and Esser Color 
Analyser, a direct - reading instrument. A 
constant-deviation spectrometer is used. A 
bi-prism placed over the telescope lens gives a 
field of tyi>o A, Fi(/. 1, with horizontal dividitig 
lino. The two beams csomo from different 
parts of the same slit. The bi’iglitnoas of one 
beam relative to the other is varied by moans 
of a variable rotating sector, and the scale 
roads trarxsmissivo or reflective percentages 
direotly. 

A somewhat different method from any of 
the above is that by Abney,** where the 
illumination of two shadows, side by side and 
touching one another and oast on a screen by 
placing a rod in the path of the two sots of 
rays, is equalised by placing a variablo-ai)orturo 
rotating sector in the path of one of the beams. 

Mention miglit also bo made of spootro- 
photomotors operating on the flicker princixilo.*® 
This Bubjoot, however, is one for hotero- 
chroraatio ])hotometry rather than speotro- 
jjhotoraetry, and is, therefore, untoueljod here. 

§ (8) I’llOTOMlfiTKUH AND HOMOGICNISOUS 

Ligut.-— C onsiderable work of value in the 
line of ohooking and studying other methods, 
or in actual experimental work, if a speotro- 
photomoter is not available, may be done by 
moans of a i)hotomoter, source of homogeneous 
light, and selective ray filters. The Martens 
photometer *® has been used at the U.S. Bureau 
of Standards for this kind of work ; other 
types would also bo suitable. The morouiy, 
hydrogen, and helium lamps are of value 
booauso of having several widely separated 
linos of suflioiont brightness to bo used. If 

« Ren. d. Phya., 1883, xlx. 812 ; Wied. Ann., 1883, 
XX. m. 

* Phya, Rer., 181)4, il. 138. DilTrartlon grating 
also UHod for (Usporslon. 

" PMl. M(ta., 1908, XV. 282. 

“ Phya. Rep., 11)10, xxx. 440. 

Bur, Stand. Sci. Pap. No. 115, 1911 ; see also 
Plio Nutting I’liotomctor, aclvortlsorl by Hllgcr. 

** Rmearehea in dolour Viaion, p. 74. 

*• E.g. Liumner-l’rlngHltPlm, Jahreaber. d. Schlea. 
Gea.f. Valeri. KuUur, IDOO; /ieibl., 11)07, 4(1(1; Milne, 
I^oc. Roy. Soc., JUdlnburgli, ll)12“13, xxxlll, 257. 

Phya. ZeiL. 1900, 1, 290. 



all three sources are available, the lollowing 
wave-lengths may be obtained : 

Hg~404-7-f 407-8, 435-8, 546-1, 576-9-1-579-1 

ma ; 

H — 434-i, 486-2, 656-3 m^; 

He— 587-6, 667-8 -f 706-5 (706-5 weak in com- 
parison to 667-8), 706-5 m/x. 

The helium hues in the blue are too close 
together to be efficiently separated. 

Glasses for filtering out these lines are 
described in Bur. Stand. Tech. Pap. No. 148 ; 
and gelatine filters for the same purpose are 
advertised by the Eastman Kodak Co., 
Rochester, N.Y. 

A Variation-of-Thickness Photometer has 
recently been designed for measuring the 
transmissivity of hguids. The following are 
the essential features : ^ 

“ Two beams of light proceed horizontally, 
one above the other, from a uniformly illu- 
minated vertical surface. 

“ A rotating sector disc of known trans- 
mission can be interposed in the upper beam. 

“ By means of two totally reflecting partially 
immersed rhombs, the lower beam is diverted 
through a variable thickness of oil determined 
by the distance between the rhombs, one of 
which is carried by a slide on a track parallel 
to the beams of light. The oil is contained in 
a horizontal trough with open top into which 
the rhombs dip. 

“ The two beams are brought into juxta- 
position in the photometric field by means of 
an arrangement of biprisms. 

“ The thickness of oil in the lower beam is 
varied until its transmittance ® equals the 
transmission of the sector disc as judged by 
equality of brightness in the photometric field. 

“ A suitable scale provides for direct reading 
of transmissivity® or the logarithm of trans- 
missivity. 

“ Light of definite wave-length may be 
obtained either by ; 

“ (1) Use of light filters with a selective 
source, such as a mercury lamp, or 

“ (2) Dispersion Avith a prism, which con- 
verts the instrument literally into a spectro- 
photometer.” 

IV. Description' and Comparison oe 
Methods 

For several years the subject of spectro- 
photometry has been given considerable 
attention in the chromatics section of the 
U.S. National Bureau of Standards. This has 
been necessitated by the many requests 

> Priest, The Cotton Oil Press, July 1920, p. 96. 

^ Transmittance: the ratio of the radiant power 
Incident on the second surface of a substance to that 
transmitted by the first surface. 

“ Transmissivity, t: Let T= transmittance, b = 
tliickness ; then f= 


continually being receivea there lor tests 
of the spectral transmissive and reflective 
properties of all kinds of material, and by 
the large and increasing demands for the 
standardisation and specification of colours. 
Spectrophotometry, as already noted, is the 
fundamental basis of all work of this kind. 

It was early realised that sufficient attention had 
never been paid to the detection and elimination of 
errors by the comparison and counterchecking of 
radicafiy different methods. It is no trouble at all 
to obtain, for example, “ smooth ” spectral trans- 
mission curves by any one method, the observational 
error being perhaps very small, and repetition of the 
measurements being easy to obtain. It is only 
when the same specimen is measured by a different 
method over the same range that one realises there 
may be enormous errors present though previously 
undetected. Moreover, any one method is limited 
in range and becomes somewhat unreliable as the 
outer regions are approached. The limits .of the 
visible spectrum are often taken as 400 and 760 m/x, 
but little accurate visual work has ever been done at 
wave-lengths less than 460 and greater than 700 m,ix. 
And yet oases arise where mcasruements within these 
regions are of great importance.^ 

Tor these reasons several independent methods of 
spectrophotometry have been developed, hi addition 
to the construction of much auxiliary apparatus for 
uso with instruments already available ; and by 
moans of the oountcrcheoking thus made possible 
the Avork has been brought to a high degree of 
efficiency and reliability. It has therefore boon 
thought that the ends of this article can bo served 
in no better way than by describing in considerable 
detail the apparatus and methods noAv being used 
there. Most of this material has been obtained 
from published papers, and roferonco Avill bo made 
to these at appropriate places. 

§ (9) The Vistjal Method 'with the 
Koniq-Martens Spectrophotometer and 
Auxiliary Apparatus. — As already noted, a 
spectrophotometer for general purposes should 
be of such a kind and used, in such a way 
that any one of three different kinds of 
experimental work may be accurately and 
conveniently performed Avith it ; that is, it 
should be available for the determination of 
(i.) the relative spectral distribution of radiant 
power of the various sources of illumination 
in commercial use at the present time, (ii.) 
the spectral transmissive properties of all 
kinds of substances, up to a considerable 
thickness if necessary, and (iii.) the diffuse 
spectral reflection of a great variety of 
materials. The K6nig-Martens spectrophoto- 
meter, when used in the proper way and Avith 
suitable auxiliary apparatus, meets these 
conditions admirably, as will be illustrated. 

The usual working range of the instrument 
has been from about 450 to 700 m/x, Avith 
slit - Avidths of 0-10 m/x in collimator and 
telescope. But by Avidening the slits reliable 

* E.ff. In chromatic camouflage. Jour. Opt. Soc. 
America, 1920, iv. 890. 



work has l)con clone as tar as 4zi) and 750 m/i 
with the heterogonoous sonrcc. "i'lui brilliant 
mercury line at 435-8 m/c, has been of great 
assistance in obtaining reliable readings in 
this region. The use of the bright homogeneous 
lines of the mercury and helium lamps has 
proved of considerable value for checking 
purposes. 

Methods ot computation, which would ordinarily 
bo very laborious with this instrument, have been 
simplified by tlio design of slide-rules, by which 
the various computations involving tangents and 
cotangents, or tlieir squares, may be performed as 
conveniently and accurately as in ordinary numerical 
work with the ordinary slide-rule. 

(i.) Comparison of Liaht Sources . — The use of 
this spectrophotometer for the comparison of 
light sources is described in a paper on the 
“ Colour and Spectral Composition of Certain 
High-Intensity Searchlight Arcs.” ^ By the 
method therein given in detail it is possible 
to obtain the relative spectral distribution 
of radiant power of even a varying source 
like the oleotrio arc. The following diagram 
and description of the method are taken from 
that paper. 

An illumination box was constructed and 
fastened to the spectrophotometer immediately 
in front of the sUts (Fig. 4). This consisted 
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HfiG. 4.— -Details of Illumination Box, used with the 
Kilnig-Martons .Hpootrophotometor for the com- 
parison of light snurcos. 


of a brass box divided into two compart- 
ments by a brass partition. “ The interior 
of each compartment was coated white with 
magnesium oxide, put on by burning magne- 
sium ribbon, and blooks of magnesium 
carbonate were placed as shown. Thus the 
whole interior was white and the reflection 
from all surfaces was entirely diffuse. Tlio 
magirosium-carhonato blocks wore illuminated 
as shown, and light from those two illuminated 
surfaces entered tlio double slit of the spectro- 
photometer through small openings in the 
illumination box. The whole interior of the 
box is, of course, illuminated by diffuse 
reflection from the magnesium -carbonate 
' Bur. Stand. Tech. Pap. No. 108, 1920, 


blocks, and tAvo l)caius of light from the 
sides of the box next to the spcctro})hotoinetor 
pass through openings in the opposite side 
and aro compared by means of the Martens 
photometer.” A red glass filter was placed 
over the eyepiece of this photometer to 
eliminate the colour difference between the 
arc and the comparison lamp, and a ground- 
glass diffusing screen used, as shown, to 
make the photometric field still more uniform 
and of the proper brightness. Ijcnses wore 
used to obtain sufficient illumination of the 
magnosium-carhonato blocks, care being taken 
that this illumination was uniform, and that 
chromatio effects were avoided. Rotating 
sectors of knoAvn aperture were used on one 
side or the other, as needed, so that the 
comparison field of the spectrophotometer 
might bo brought to equality within a suitable 
region on the scale. 

The substitution method of measurement 
should always ho used in this kind of work ; 
that is, a comparison lam^A should bo kept on 
one side and light from it compared first with 
light from a standard lamp whoso relative 
spectral radiant power has been determined 
radiometrically, and then with that from the 
lamp, arc, or other source of illumination 
whoso relative siicctral radiant power is to 
ho determined. If the unlcnown source of 
illumination is one that may ho easily main- 
tained constant, e.g. an incandescent light, 
but two observers are needed — one to watch 
and control (by moans of a ijotentiomoter) 
tlio voltage around the lamps, thus maintaining 
constant illumination on either side, the other 
to make observations at different regions in 
the siioctrum. If the unknown source is an 
are (in this case the fiporry searchlight arc), 
more observers will bo required. 

“ Five people Avere nocioHsary in making the observa- 
tiona on the are, one to watcli and control tho are, 
rooovcling the readings of tho voltmeter; a second 
to regulate tho current through tho aro, reoording 
tho readings of tlie ammeter; a tlnrd to obscJ’vo 
tho illumination tlirough tho Martens pliotometor ; 
a fourth to take readings on tho spootrophotomoter ; 
and a fifth to record tlioso readings and Icoep tho 
proper voltages on the lamps by moans of tho 
potentiometer. Tlio procedure) for taking a series of 
observations under these conditions was as folloAi’s : 

"Tho are was allowed to run a few minutes in 
order that conditions might become as steady as 
possihio. While tliis Avas being done, the comparison 
lamp Avas kept at its proper voltage and tho variations 
of the illumination from tho are followed on tho 
Martens photometer. 'Finally, tho photometer was 
sot for equality of brightness between the tAvo 
sources at what soemod to be tho best moan value 
of the illumination from the are. This sotting was 
then unolmnged during tho run. Now, for any given 
wave-lengtli, tho variations in tho illumination from 
tho are wore followed on tho spootropliotometer, tho 
attempt bebig made to keep the two halves of tho 


photometric field always equal in brightness. When- 
ever conditions were right, as shown by the Martens 
pliotometer, a sharp signal was given and the reading 
of the spectrophotometer taken at that instant. It 
was not attempted to do this, of course, if tlie 
illumination varied too rapidly through the proper 
value. Usually the variations were quite slow, the 
illumination often staying constant at the correct 
value for a considerable part of a minute. It was 
noticed during the course of the investigation that 
the value of the current through the arc would have 
served nearly as well os the auxiliary photometer 
for enabling measurements to be made always at 
the same illumination ; for the ourrent was practi- 
cally always at a given value, about 75 amperes, when 
the signal was given by the observer at the Martens 
photometer. 

“ At each wave-length from four to ten readings 
were taken on the spectrophotometer, the number 
depending on the agreement obtained among the 
readings. Measurements were made between wave- 
lengths 430 or 440 and 710 m/i usually at every 
20 mju. 

“ After this series of measurements was completed, 
the total reflection prism was set up to locate the 
position of the arc and kept there until the standard 
lamp had been put in position. It was then removed, 
and another series of measurements made at the 
same wave-lengtlis as previously on the arc. Only 
two observers were now necessary, one to make the 
measurements on the spectrophotometer, the other 
to record the data and keep the voltages constant 
with the potentiometer. 

“ In this manner all the data were obtained, either 
a complete run or check points being taken on the 
standard lamp between any two of the runs on the arc. 

“ The spectral distribution of radiant power 
of the arc was computed as follows : All the 
values of the angles of the niool prism read on 
the spectrophotometer for the standard lamp 
were plotted at the proper wave-lengths and a 
smooth average curve drawn through these 
points. All values for the standard lamp 
used in the computations were taken from this 
curve. Thus the same values of the standard 
lamp were used for all computations. For 
each wave-length the square of the cotangent 
of the average angle, read on the spectro- 
photometer when the arc was in position, was 
divided by the square of the cotangent of the 
angle as read from the curve when the standard 
lamp was in position. When this is done for 
all the wave-lengths, the radiant power of the 
arc relative to that of the standard lamp is 
obtained. By multiplying these values by the 
known relative values of radiant power of 
the standard lamp at the different wave- 
lengths, the relative spectral distribution of 
radiant power in the arc was obtained.” 

(ii.) Spectral Transmissive and Reflective 
Measurements . — No complete account of the 
illumination apparatus which has been 
developed for use with the Konig-Martens 
spectrophotometer has yet been published, 
but brief reference to it has been made 


111 two papers.'- Ine essential Jeatures are as 
follows : 

A metallic box was constructed large enough 
to contain ten 500-watt, incandescent, Mazda-C 
lamps and three large M -shaped mercury 
lamps well distributed throughout the interior. 
A system of air and water cooling prevents 
undue heating of any part of the apparatus. 
The interior of the box was painted white 
and finally coated with magnesium oxide, 
giving diffuse illumination from all parts. 

The box was set up in front of the spectro- 
photometer at sufficient distance to allow 
samples of considerable thickness to be inter- 
posed. In the side of the box next to the 
slits two small openings were cut just large 
enough to include the angles subtended by 
the slits and lens of the spectrophotometer. 
On the opposite side of the box, two pieces of 
magnesium carbonate are placed, in such a 
position as to cover the same angles. These 
two surfaces of magnesium carbonate are 
illuminated from all directions within the box 
by means of the lamps and the white walls, 
the incandescent lamps or the mercury lamps 
being used at will. 

A telescope arrangement within the box 
prevents any of the light entering the slits 
of the spectrophotometer except that coming 
from the surfaces of magnesium carbonate. 
Thus the comparison field of the instrument 
is filled with light, half from one magnesium- 
carbonate surface, half from the other ; and 
any variations in the amount of light from the 
lamps will be exactly neutralised. The lamps 
may thus be run on an ordinary, fluctuating 
circuit, even the flickering of the mercury 
lamps causing no trouble. Throughout the 
part of the spectrum of high visibility only a 
part of the lamps need be used, and these can 
be run below the maximum efficiency to 
prolong their life. It is only in the red, blue, 
and violet that it is necessary to make use of 
all available light. 

When the spectral transmission of any 
material is to be obtained, the sample is 
placed in its carrier between the box and the 
slits and made to intercept the light first in 
one beam and then in the other. This inter- 
change may bo quickly effected by the observer 
without leaving his seat. For any one position 
in the spectrum he first takes from one to five 
readings with the sample in one beam ; he then 
transfers the sample to the other side and takes 
twice as many readings ; finally he returns it to 
the first beam and repeats his readings there 
to detect any possible change of conditions. 
The transmission is then computed by the 
product of the tangent of one set of readings 
with the cotangent of the other. 

When the spectral diffuse reflection of any 

^ Bur. Stand. Tech. Pap. No. 148, 1920 ; No. 167, 
1920. 


material is to oe measurou, a sample is cut 
to the right size" tind substituted for one of the 
magnesium - carbonate surfaces. Interchange 
of sample and the other magnesium-carbonate 
surface is easily made by the observer, and a 
set of readings taken analogous to those 
already described for transmission work. 
The result will bo the reflection relative to that 
of magnesium carbonate. This latter is nearly 
100 per cent. 

The carriers for holding the specimens in both 
transmission and reflection work wore very carefully 
made so that in transferring the .specimen from one 
beam to the other it might always bo returned to 
exactly the same position. This is very important, 
for it often happens, especially in reflection measure- 
ments, that the samiilos are not absolutely uniform 
throughout. The carrier for transmission measure- 
ments has, of course, to bo adjustable in order that 
specimens of varying thickness and diameter may 
be accommodated. 

In connection with the study of the spectral 
transmissive properties of dyes and other solutions, 
si)ecial apparatus lias been constructed. The cells to 
liold the solution and solvent were made after the 
pattern of those put out by Hilgcr for use with the 
sector photometer. While it is unnecessary to 
describe this cell in detail, it has four valuable cliai’- 
aotoristios which should bo possessed by all cc'lls used 
in this kind of work : (1) evaporation is prevented ; 
(2) nothing but glas.s (or quartz) comes in contact 
with the solution j (3) no wax or cement of any sort 
is used ; (4) in order to relill, it has to be completely 
taken apart, and may therefore bo easily and 
thoroughly cleaned for each new solution. 

Inasmuch as some solutions ehange their trans- 
missive properties rapidly with change in tempera- 
ture, holders for these colls have been oonstruotod, 
in which water at constant temi)oraturo is circulated, 
the constant temperature and oiroulation being 
maintained by a pump-and-thormostat arrangement. 
The solutions may thus bo kept oonstant within a 
fraction of a degree at any ck'sirod temperature over 
a considerable range. A detailed doscriptioii of tliis 
auxiliary apiiaralus for use with solutions has been 
publislied.^ Similar apparatus has also been oon- 
struotod for use with tho otlier methods whose 
description follows. 

§ (10) This Photobleotbio Null Mmkod. 
(i.) Advantages of the Method,— Tho well- 
known difficulty of obtaining accurate spectro- 
photomotrio inoasuremontH in tho blue and 
violet by any other method led to the doveloji- 
mont of tho photoolootrio null method heroin 
described.® Tho potassium-hydride, gas-fillod, 
photoelectric cells now on tho market make it 
possible to obtain as reliable determinations 
throughout tho blue and violet, and oven 
beyond those regions, as are obtained at 
other wave-lengths by other methods. 

The photoeleotrio coll has boon used in 

^ Mr. Stand. Set Pap. No. 440, 1022 : "1. Tho 
Seven Food Dyes.” 

* Gibson, Jour, Opt. Soc, Am., Jan.-Mar. 1919 : 
Bur. Stand. Sci. Pap. No. 349, 1919. 


various ways by different investigators.® 
Either the galvanometer or electrometer 
may be used with it ; and in practically all 
measurements of spectral transmissive or 
reflective projierties some form of deflection 
method has been used, much valuable work 
having been performed. For example, the 
absolute specular spectral reflections of a 
large number of motals have been determined 
in tlie ultra-violet between wave-lengths 380 
and 180 inp..^ 

In various ways, howovor, a null method 
seems to bo more suitable than a deflection 
method. It has been concluded by tho 
majority of investigators that it is not safe 
to assume a direct proportionality between 
photoelectric current and exciting radiant 
power ; and therefore any coll used in a 
deflection method, unless it ho a method of 
equal deflections, must bo tested and calibrated 
if there is deviation from this straight-lino 
relationship. Tho so-called dark current must 
also bo eliminated or a correction made, unless 
tho radiant powers used are so groat that it 
may bo neglected, which is seldom tho ease in 
spectral work. 

When tho electromotor is used, still further 
difficulties are mot by one using a deflection 
method. A striot iiroportionality between 
dofleotions of tho disc, as road by moans of 
tho mirror and scale, and tho potential acquired 
by the quadrants, must bo proved by tost or a 
calibration made. Timing devices are also 
nooessaiy with their accompanying incon- 
venience and possible errors. But tho oleotro- 
metor is so much more sensitive than tho 
galvanometer that it is desirable to use it if 
possible. 

In tho following doscrijition of the null 
method are sliown tho ways in which tho 
questions of tho current-irradiation ® rolation- 
ship and tho dark cnirrent may bo avoided 
and their errors eliminated wliilo retaining 
tho extreme sensitivity of tho unshuntod 
electrometer. 

(ii.) Spectral Tranamiasive Meuaurenienta . — 
Tho principles on which the null method 
is based are voiy siinjile and may bo under- 
stood in connection with the accompanying 
diagram {Fig. 5). 

“ VVlion the earth connection is made at U, 
both pairs of quadrants are at zero iiotential. 
Under this condition tho charged electrometer 
needle will bo at rest. Lot the voltage applied 
to Pi bo Vj and that applied to bo Va, 
and let tho total resistances (mainly that of 

* Rdsmnd, Coblontz, Bur. Stand. Sci. Pap. No. 819, 
1018. 

* Hiilburt, Aalrop. Jour,, 1915, xlli, 205. 

* Tho terms Irradiate and Irradiation, as craphaBlsod 
by Ives (Aalrap. Jour., 1017, xlv. .30), should 
ho used analoKoualy to tho terms llhiTuluato and 
.illumination when radiant energy rather than light 
Is discussed. 
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be Ri by way of and Rg of ^2- 

Then through P^ a current will flow of magni- 
tude Ii=Vx/Ri and through Pg of magnitude 



E = Dolezalek quadrant electrometer, disc, charged 
to -1-150 volts; motion shown by spot of light and 
scale, as usual; Pip2==Kunz photoelectric cells; 
GG' = earth connection, zero potential; U=make- 
and- break mercury connection; VjVa=voltages 
applied to P, and P^, respectively; II=position of 

a er constant-deviation glass-prism spectrometer 
slits Sj and Sj (85=83 always) ; B = location of 
specimen whose transmission is to be measured (means 
provided for moving in and out of beam) ; E, =rotating 
sector to increase range of measurements; T= track 
on which distance of 000-watt lamp L, from slit Sa 
may be varied ; Si =slit by wMch irradiation of Pi by 
miniature lamp Li may be varied, the amount being 
accurately proportional to the width of Si. 

No radiant energy to which the 
photoelectric cells are sensitive is considered 
as falling on them, I,, and being what are 
ordinarily called the dark currents. 

“ If the earth connection at U is broken, 
the electrometer disc will be deflected (shown 
by the drift of the spot of light) unless 
is exactly equal to Ij. If they are not equal, 
they may he made so by changing the relative 
values of Vi and Vj. This is done by varying 
the point of ground connection at Or'. 

“Now let Pj and Pj be irradiated by Lj 
and Lj. Tins will bring about a great increase 
in the photoelectric currents and Ij, and the 
irradiations may be so adjusted (by varying 
the currents through the lamps, the width of 
Si, or the distance of Lj) as to make Ii again 
exactly equal to I^, as shown by the zero 
motion of the electrometer disc when the 
ground connection at U is broken. Now let 
the irradiation of P^ from Lj be reduced by 
interposing the specimen B. Then I2 vriU be 
less than Ii, and, with. U broken, the spot of 
light will be deflected. Two methods may be 
employed to make Ii and I2 again equal, a 
means of obtaining a measure of the trans- 
mission of B being thus possible : ( 1 ) The 


be decreased by narrowing Si until Ii becomes 
equal to Ig, the ratio of the slit-widths in the 
two cases being a measure of the transmission ; 
or ( 2 ) the amount of radiant energy falling 
on P2 may be increased by moving Lj nearer the 
slit S2 until Ij again becomes equal to Ii, 
the inverse ratio of the squares of the distances 
in the two cases giving the transmission. 

“ The value of the transmission obtained 
by the two methods will be the same only 
in case the dark currents are exactly equal 
and in case the two photoelectric cells obey 
exactly the same irradiation-current law. In 
case either of these conditions is not fulfilled, 
the value of the transmission obtained by the 
first method will be in error, but by the 
second method the accuracy of the value 
of the transmission will he unimpaired though 
either or both of these conditions are not 
fulfilled. Therefore, the transmission is 
measured by merely var3dng the distance 
of La from the slit Sg, this distance being the 
only variable in the operation ; for the width 
of the slit S^, the amount and quality of the 
radiant energy falling on P^ and Pj, the 
photoelectric currents Ij^ and Ig, and the 
currents through and Lg are unchanged, 
whether the specimen is in or out.” 

“ Tlic diatanco of Lj from 182 ^“-’1 never be made 
less than 46 cm. because of the other apparatus on 
the bench, such as the sector, carrier, etc. This, 
combined with the fact that the filament of La 
is in a plane only 1 om. square, enables the inverse- 
square law to bo assumed ; that is, tlio amount of 
radiant energy entering the slit Sg varies inversely 
as the square of the distanoc of Lg from Sj. The 
rotating sector servos as a means of maldng sure 
that the apparatus keeps in perieot working condition 
from day to day. Tho length of the photometer 
bench enables L2 to bo moved back to 266 om. from 
the slit. Therefore, tho range of transmission 
possible with the 10 per cent sector is from 1-00 to 
approximately 0-004.” 

Between 410 and 560 mfx. inclusive, tho method is 
very reliable ns shown by agroemonts with other 
methods. These will be discussed later. If a quartz- 
prism spectrometer wore used, measurements could 
be extended into the ultra-violet. In tho long wave- 
length direction tho cell itself soon becomes very 
insensitive. The usual working range of the 
apparatus has been from 390 to GOO m/i inolusive, 
but values have been obtained as far as 380 and 
660 m/i. 

(iii.) The Measurement of Diffuse Spectral Re- 
flection and other Applications . — ^The apparatus 
was designed primarily for the measurement of 
spectral transmissive properties, but has also 
been used to obtain the diffuse spectral reflec- 
tion of substances relative to that of magnesium 
carbonate. For this purpose the lamp Lg 
is moved forward, and by means of lens and 
mirror the rays are brought to a focus upon 
the substance to be studied, the angle of 


The dilTuso rolloctioii leaving this substance 
(or the inagnesiuni carbonate) at right angles 
then enters tlie slit Sj, and the resulting 
photoelectric current in Pj is balanced by that 
in Pi oxciited by Li, as was done in the case 
of spetitral trairamission. The method of 
obtaining the balance now, however, has to 
be by the means of varying the width of Si, 

Tlio inetliocl has not been as thoroughly tested as 
that for the transnusaion moasviremonts. C’om- 
parison with other methods, liowev(>r, has shown 
that for approximately difl’using surfuees the method 
ia vc'ry rt'liablo except at wave-lengths where the 
senaitivity is low or tlie relleetion being atudiod is 
very small in value. Whore values liavo to bo obtained 
by varying tlie width of Si, howovor, the accuniuy 
ia about half that resulting when the diatamie of Lj 
from Hg can he varic'd as explained under apeetral 
tranamiasion. But aa already noted this aeouraoy 
is dejiondent upon the two cells obeying the same 
current-irradiation law. 

Moaauromonts of relative spooular reflection 
have also boon made by tho method of varying 
tho width of Si.’ 

“ Tho apiiaratus is well adapted for tho 
oumparismi of siioctral distribution of radiant 
power of two sources over the same range 
of wavo-longtlia aa used in transmission and 
reflection measurements. If tho two souroea 
aro aueh that they obey tho invorao-aquaro 
law, tho method of varying their diatances 
from Sjj could bo used, Si being kept constaxit. 
If tho invorao-aquaro law wore not obeyed 
by either aouroo, tho other method eould bo 
naod, their diatances from S^ being kept 
oonabant and Sj varied to obtain a balance.” 

(iv.) The, Eliminalion u/ Errors, — In sotting up tho 
apiiarafcua tlie usual precautions wore taken to 
olinvinato so far os poBslhlo all mechanical vibration, 
moiat air, stray radiant energy, and electrical 
disturbances. Thia was acoomiiUshed by tho proper 
uac of a molallio enoloauro for tlic eleotromctcr and 
photeekietrio cells, and by resting Uiia upon a oomont 
pier in a luisemoiit room. 

't'he use of the null method eliminatos tho errors 
liable to lie found with eleetromotor-deflootion 
raetlvods. “ Such errors may ho tliose duo to tho 
deiioctioiiH of the eleotromoter disc oa given by tho 
spot of light on tlie acale not being strictly propor- 
llotmi to tlie charge or potontlal acquired by tlio 
qviadrante, tliose due to loakago of oliargea booauso 
of imperfect insulation or moist air, or those oonneotod 
with the uae of t iming devices.” 

Tlie motliod of varying tlie distance of Lj from Sj, 
08 illuBtrated under apeetral tranamlaaion raeosuro- 
menta, eliminates two other posaible errors : 
(1) " Errors duo to tho photoolectrlo current not 
being Btrictly proportional to tho radiant power 
inoldont on tlio eeil. No onllbratlona of tlio colls 
are neeeasary, and it makes no dilTerenoo what tlie 

' TCarrer and Tyndall, Mr. Stand, Sri. Pap. No. 
381), 11)20, p. 388. In tills work the Brace speetro- 
pluitomoter was used to meaHure tlie apeetral trana- 
raUalon of tbo atmoaiiliero. 


current ; ” (2) “ Errors duo to what is ordinarily 
known as tho dark current. It makes no dilTorence 
whether or not it is elirninatod. Nor do tlie dark 
r.urronts througli tlio two colls have to be tho same, 
though approximately this condition is dosirablo for 
convcnienco’ sake.” 

Errors which miglit rc.sult from undctectod changes 
of tlio dark currents through or Pg or of tho currents 
tlirougli Lj or Lg are largely cliininatocl by taking 
tho first and third readings with tho sample in tho 
beam, tho second with it removed, etc. 

.Errors arising bocauso of tho invorso-square law 
not being exactly obeyed by “ would bo expected 
to bo very small because of the filament occupying 
an area of only 1 cm.^, and bcoauHO it is not possiblo 
to move the iilament cloaiir to tho slit than 4fi cm. 
It has been tested by means of the rotating sector. 
Other investigatow ^ Jiavo found tliat Talbot’s law 
Iiqlcls for the photoolootrio c.ell ; and a great number 
of observations at dilTomrit times and at many m'iivo- 
longths on the a2)paratu8 lioroin described jirovo that 
tho invorsq-squam law is obeyed, assuming Talbot’s 
law to hold, or that Talbot’s law is obeyed, assuming 
tlio inverse-square law to liold. Aotuall}', tlie error 
duo to any failure of .Lj to obey tlio invorso-square 
law is too smn,U to bo dotootod over the range of 
distances used. It might be noted lioro that wlion 
tho transmission of tliiolc spooimons is measured, 
oorrootion is made to the distance as road on tlio 
scale, this reading being larger than tho true optical 
distance of from Sj,” 

Errors of observation are small bcoauso tlio final 
result is not a question of judgment, ns in visual 
and jiliotograpbio niotliods. 

Errors to wliioh all methods of spootrophotomotry 
are liable, suoli os those resulting from stray radiant 
energy and inaoourate wave-length calibration, woro 
carefully guarded against, yiits of 0-2t) nun. (Sg 
and S3) liavo boon usually used. This ineludos 
approximately from 1 m^ in tho violet nj) to 4 m/i 
in tho rod. Errors duo to these finite sill-widths are 
oonsidorod nogligiblo except for very narrow bimds. 

§ (11) Thh TiriuRMOTOLicoTaio Metuoi). — All 
that has been done in tine connocitUm ia to adapt 
one of tho woll-knuwn radiomotrio methods ® 
to tho measuroraont of spectral transjmissivo 
properties in the rod and infra-rod as far as 
1350 m/i. This limit was nocossitatod in this 
oaso because tho thread of tho spootro motor 
was out no farther. Tho satno spootromotor, 
glass prism, was used as already describod 
in tho previous section. A Coblentz linear 
tliormopilo and sensitive galvanometer wore 
used. The apparatus has boon arranged so 
that the thermopile and galvanometer may bo 
substituted, in a moment’s tirne, for tho 
photoolootrio cell Pa {Fig. 5) and electromotor. 
Li is not used Radiant energy from La is 
focussed upon tho slit 83 and moasuroments 
made by moving tho specimen in and out of the 
beam. Tho following points are of interest : 

® Ives, Aslrop Jour., 1010, xllll. 2*1 ; 1111112, 

Astrop. Jour., H)I7, xlv. 09. 

» Sec, for example, Ooblontz, Carnegie Inst, oj 
Wash., Bub. No. 35, 1905. 


(i.) The absorption of 1 cm. of Trater 
becomes so great at 1350 that readings 
could not be made with any precision much 
beyond that point. The ordinary glass 
spectrometer is therefore sufficient for work 
upon aqueous solutions. 

(ii.) Over this range and for a considerable 
way beyond, where large glass spectrometers 
and high-power incandescent lamps may be 
used, such an arrangement seems better than 
the usual infra-red spectrometer, because it is 
possible to work with very narrow slits. In 
this particular case slits of 0-20 m,a width 
were sufficiently large, that being equivalent 
to about 4 m/i. in the red and about 18 m/r 
at 1000 m/i, less than 1/5 of the widths 
often used. This is important in the study 
of narrow absorption bands. 

(iii.) Instead of a single lens it would be 
better to use two lenses, the light between 
them being in a parallel beam and the specimen 
inserted in this parallel beam. No errors 
because of the thickness of the specimen would 
then arise. 

(iv.) The quartz -mercury lamp is excellent 
for calibration purposes in this range, it having 
strong hnes at 1014 and 1129 m,u, and weaker 
lines above 1300 mu. 

(v.) The method is of great aid to visual 
work between 650 and 800 m/x. 

§ (12) The Photographic Method with the 
Hilger Sector Photometer and Auxiliary 
Apparatus. — A great advance in the ease and 
accuracy of photographic spectrophotometry 
has been made possible by the sector photo- 
meter, manufactured by Adam HUger, Ltd. 
While this might be used m any spectral 
region where photography is applicable, its 
primary importance is in the ultra-violet. 
The measurement of the spectral transmissive 
properties of all Idnds of organic and inorganic 
chemicals is of great importance to the chemist 
and the physicist, theoretically and practically, 
and an immense amount of work has been done 
along this line. The great outstanding faidt, 
however, of most of this work in the ultra- 
violet is that it is merely, qualitative. As 
noted by Hilger, “ it must not be forgotten 
that not only the intensity but the actual 
position of the maximum of an absorption 
band is undetermined until quantitative 
measurements have been made, since any 
variations throughout the spectrum of inten- 
sity of the light source, or sensitiveness of the 
photographic plate, or of dispersion, may 
cause the apparent maximum of absorption 
to be in a position different from that of the 
actual maximum.” While quantitative work 
is possible by the older photographic methods,’- 
it is apt to be tedious and liable to serious 
errors which are entirely eliminated by the 
sector-photometer method. 

* !R6aum6, Ewest, Photog . Jou -., 1914, liv. 99. 


Auxiliary apparatus is necessary consisting 
of a quartz spectrograph and a source of ultra- 
violet radiant energy. The following descrip- 



Fig, 6. — Hilger Sector Photometer Method. 


tion of the method is taken from a pajier 
published by Messrs. Hilger. 

“ Immediately in front of the sht and 
attached to it is a bi-prism, B, which receives 
the light from the source in the following 
manner. The light emanates from the 
source, L, and may reach the slit by two 
alternative paths. An upper beam passes 
through a rotating sector, S, the aperture of 
which can be varied. The beam then passes 
through the wedge prism, P, and, faffing on 
the bi-prism, is deviated by the lower half of 
that prism to pass axially along the colhmator 
of the spectrograph. The second beam 
traverses first the absorbing liquid under 
examination contained in a suitable coll. A, 
then through a rotating sector. S', of fixed 
aperture, and a wedge prism, P', similar 
to P but so arranged as to divert the hght 
upwards instead of downwards. The beam is 
then diverted by the upper half of the bi-prism, 
B, and passes axially along the collimator of 
the spectrograph like the first. We thus have 
the spectrograph fed by two beams, the one 
capable of being varied in intensity at will 
by varying the aperture of the rotating sector, 
the other subject to the absorption of a 
known thickness of the liquid under examina- 
tion. A series of photographs is taken with 
the sector S set to different aiiertures. If we 
confer one of these photographs we shall 
see tha^; it consists of a pair of spectrum 
photographs in close juxtaposition, one of 
which is of reduced density throughout its 
whole length, the other — that, namely, whicji 
has passed through the material under test-— 
being more dense than the first in certain 
parts and less so in others, there being certain 
wave-lengths where the density of the two is 
equal. 

“ It is found that the wave-lengfch at which 
the densities of the two spectra are equal is, 
within wide limits, independent of the expos- 
ure, of the intensity of illumination, and of 
the speed of rotation of the sectors. 

“ Furthermore, the photographs are taken 
simultaneously, and there are, therefore, no 
errors arising from ALuctuations in the light 
source. 

“ Let the fractions of whole revolutions 
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sectors allow light to pass be respectively t 
and f, itnd let the intensities of light of wave- 
length \ reaching the slit by the upper and 
lower beams in Fig. 0 be respectively I and I'. 

“ Then if at wave-length X the density is 
exactly the same in both spectra, we have 

-/(«', <)•” 

The makers of the instrument assume the 
Sohwarzchild ^ relation, ljl' = {l'ltY for un- 
interrupted exposures, to hold in this case, 
n being different from unity, and supply a 
calibration from which I'/I may be obtained 
from the Imown values of tjt'. It has been 
found, “ however, that “ the photographic 
plate, the use of which in photometric measure- 
ments is usually considered questionable, 
integrates intermittent exposures in such a 
way that the ooinjiarison of two intensities 
can bo made directly in terms of sector 
openings, provided that the time from the 
beginning to tlio end of the exposures is the 
same, and that the two exposures produce 
equal blackening of the plate ” ; i.e. the con- 
stant n for the sootor photometer is unity 
within the limits of photometric accuracy. 
This relation has been further vorified by 
comparison with other mothods,^ and exten- 
sively by comparison with the Kbnig-Martons 
visual method and the photoelectric null 
method at the Bureau of Standards, These 
data have boon published in the Bureau of 
l^tandarda Paper, No. 440, on the spectral 
transmissive properties of the seven food dyes. 

Tho Hootor ])lu)touu'tor at the Bureau of Ktandarcla 
has botli Hootora variable, so tliat, for example, the 
cells containing solution and solvent may bo inter- 
changed for oheok readings. The quartz speotro- 
graph is a I’ouss instrument (Hlit-width«»»0-]t) mm.) 
with a disj)ersion of nearly 14 cm. between 500 and 
250 mm. 'I'ho soiireo of radiant energy is a high- 
voltagcs (Tesla coil) spark under water, which gives 
a oontinuons spectrum from tho visible as far af the 
quartz system will transmit. Tho vortioal spark 
is more satisfactory than the horizontal, for it keeps 
tho two spectra in oontaot throughout their whole 
length. I'wo pieces of magnesium carbonate diffusely 
illuminated as in tho KOnig-Martens auxiliary 
apparatus, but by tho spark, would bo still bettor 
and would enable moosurenionts of diffuse spectral 
relleotion to be made os well, provided suffloient 
intensity could bo obtained. 

Errors in locating the wave-length or frequency 
of eqiial density have been made very small by 
means of a spooial oomparator, dosoribod in Appendix 
to Bur. Bland. Tech. Pap. No. 148, wliioh permits 
of readings Iwing mad(i without marking the negative. 
I.’hereforo any number of readings may bo made 

‘ Astrop. Jour., 1900, xl, 80. 

« Howe, Phus. liev. (2), 1910, vlll. C74. 

* Tram, Opt, Soc., 11)17, xvlii. :Ui ; Phi/e. Her, (2), 
1917, X. 707 : Bur. Bland. Tech. Pap. No. 119, 1019, 
and No. 148, 1920. 


ana an average taken. TUo principal source ot error 
at present is thought to bt^ due to occasional non- 
uniformity of tbo spark. Displacement of the 
electrodes, and therefore of the spark as a whole, 
from the proper position may be quite accurately 
controlled. Interchange of solution and solvent 
will teat this, as well as exposure with both colls 
containing solvent. 

§ (13) General Comrarison and Helative 
Accuraoy of the Different Methods. — 
The agreements and lack of agreements found 
when the spectral transmissions of a large 
number of glasses were first obtained by 
different methods are well illustrated in Bur. 
Stand. Tech. Paj). No. 119. In this investiga- 
tion four methods were used : tho Kdnig- 
Martons and tho Lummor-Brodhun spectro- 
photometers in tho visible, and also tho 
Martens photometer with selective ray filters 
and monochromatic light, and tho Hilger 
sector photometer method in tlio blue, violet, 
and ultra-violet. Each apparatus was con- 
sidered to be in reliable working condition, 
but the comparison of results showed occasional 
very Borioiis discrepancies, especially in the 
blue and in tho red beyond 060 m,a. Much of 
this was duo to insufflciont precautions against 
stray light. 

Since that time the four methods already 
described in detail — viz. tho visual, tho photo- 
olootric, tho thormoelectiio, and the photo- 
graphic — ^liavo been developed or improved ; 
and values of spectral transmissive obaracter- 
istics may now bo obtained from about 230 
to 1360 m/I with no “weak” repons and no 
serious discrepancies. In tho pa]ior on the 
food dyes noted abf)VO tho observed values 
of transmittancios ^ by all four methods are 
plotted for all tho concentrations, thicknesses, 
and tomporatures studied. As a result of tips 
investigation tho following statements may bo 
made : 

(i.) Errors of method are believed to have 
been eliminated in the visual method with the 
Kdnig-Martons si)eotrophotomotor when homo- 
geneous light is used. 

(ii.) There is very close agrooment between 
the visual and photoelootrio methods. This 
is true not only between 600 and 660 m/t, 
where both methods are very reliable, but 
throughout nearly the whole range of either. 

(iii.) In comparing tho jffiotographio deter- 
minations with the visual or photoelootrio 
between 390 and 600 rap, it has been found 
that tho agrooment is usually bettor the 
shorter tho wave-length, tho less tho trans- 
mittancy, and the “ steeper ” tho trans- 
mittanoy curve. From tho nature of tho 
photographic method it is difficult to dotormino 
exactly tho value of maximum or minimum 

‘ Trnmmitlnncv : tho ratio of tho transmlKHlon of 
a coll contahilng a Hubstiincc hi solution to that of 
tho sumo or tin equivalent coll filled with tho solvent 
only. 
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blue and violet indicates that in the ultra- 
violet, where the dispersion is greater, the 
method is very reliable, especially for the 
determination of the frequency and magnitude 
of absorption bands, the main purpose of 
most investigations in this region. 

(iv.) Agreements between the visual and 
thermoelectric methods between 600 and 700 
m,a indicate that no serious errors are present. 

(v.) On the Konig-Martens spectrophoto- 
meter with homogeneous light, values of k, 
the specific transmissive index,’- may, as a 
rule, be obtained accurate to within ±2 per 
cent, provided that suitable concentrations 
and thicknesses are used.^ 

(vi.) Values of k at any wave-length between 
about 400 and 680 m^ visually or photo- 
electrically (i.e. both methods being used) 
with a heterogeneous source may be obtained 
with slightly less accuracy than this. 

(vii.) Definite maximum values of h, i.e. the 
absorption bands, if not too narrow, may be 
obtained in the visible accurate to within 
■+ 3 per cent ; but in the ultra-violet, because 
of certain characteristics of the method, the 
uncertainty may often be greater than this. 

(viii.) In the visible and ultra-violet the 
wave-lengths of definite maximum values of 
k are accurate within + 1 m^ ; in the uifra- 
red the uncertainty becomes greater, but is 
considered less than +5 m^ even at 1350 m/x,. 

The visual method is the only one so far 
developed by which measurements of diffuse 
spectral reflection may be made under approxi- 
mately ideal conditions, and there is no reason 
to doubt that values of reflection are obtained 
with as high accuracy as is possible in trans- 
missive work. As already noted, the photo- 
electric method -gave .values of reflection 
considered of perhaps half the accuracy of 
transmissive measurements, for approximately 
diffusing surfaces. Examples of the close 
agreement between the visual and photo- 
electric methods for such surfaces are given 
in Bur. Stand. Tech. Pap. No. 16.7. Approxi- 
mate measurements on some of the same 
samples by the photographic sector photometer 
method mth a quartz-mercury lamp as source 
indicate the reliability of the method if proper 
irradiation is used. ir <? o 


Speotro-polarimetee : an instrument for 
measuring the rotation for different wave- 
lengths of the plane of polarisation of light 
by various substances. See “ Polarimetry,” 
§ ( 14 ). 

* Specific transmissive index, Te : Let T =trans- 
mlttancy, c = concentration, b = tlilckness ; then 
*=-log,ot/T. 

* The photometric precision of this instrument, as 
tested by means of accurately calibrated rotating 
sectors, is better than 1 per cent. 


SPECTROSCOPES 
AND REFRACTOMETERS 

I. Theory 

§ (1). — When fight falls on a prismatic piece 
of a transparent substance it is deviated by an 
amount depending on the angle of the prism, 
and on the property of the subst.ance known 
as its refractive index, which varies with the 
wave-length of the fight. Light of different 
wave-lengths is therefore deviated to different 
extents; and if the incident beam contains 
constituents of more than one wave-length, 
each constituent beam emerges from the prism 
in a different direction. 

The deviation of a beam of fight by a 
prism depends, therefore, on two inter-related 
physical quantities, the refractive index of 
the prism and the wave-length of the fight ; 
and it may be measured with a view to deter- 
mine unknown wave-lengths, if the properties 
of the prism are known (or eliminated), or to 
determine the refractive properties of the 
prism for known wave-lengths. The mstru- 
mental requirements for precise determinations 
vary somewhat, depending on which of these 
purposes is m view ; and the spectroscopist, 
who is primarily interested in wave-length 
measurements, would rarely have much use 
for the instrument best suited to the require- 
ments of the refractometrist, who is primarily 
interested in the refractive indices of the 
prism. 

Since the determination of refractive indices 
may be said to be the basic measurement in 
applied optics, inasmuch as the design of any 
optical instrument depends for its realisation 
on a precise knowledge of the refractive 
properties of the materials used in its construc- 
tion, we shall devote some consideration to 
the methods and instruments best adapted 
to this measurement ; and in the first place 
we shall investigate generally the conditions 
which govern the refraction of fight by a 
“ prism ” with a view to determining the 
comparative accuracy of different methods 
and the actual accuracy likely to bo obtained 
with a given instrumental equipment. 

§ (2) Passage of Light through a Prism. 
— ^All the methods suitable for precise re- 
fractometry involve the determination of the 
angular deviation, with respect to some fixed 
direction, of a beam of fight which has been 
refracted by a system of plane surfaces, 
usually two in number. Separate formulae 
are readily obtained for the various methods ; 
but it is more useful, in order to correlate 
such methods and compare their advantages 
and disadvantages, to treat them as special 
cases of a quite general relationship. 

Let AB, Fig. 1, be a ray of monochromatic 
light incident on the first of two plane surfaces 


refractive indices for the wave-length of the 
light employed are /x,, and /x^. We shall 



fXi sin i = /tj sin r ; Ma sin (r — 1?) = fx^ sin e ; 
therefore 

^2^ sin® 5 = /X] 2 sin® i + /xg® sin® e 

~2/xip.s sin i sin e cos d. (1) 

Equation (1) is the starting-point from which 
all special cases may bo deduced. 

(i.) Parallel Surfaces . — If 6=0, equation ( 1 ) 
reduces to 

fXs sin e = fxi sin i. 

But this is the same relationship between i 
and e that would apply if the first and third 
media were separated by a single surface. 
The parallel plate of index /x^ is therefore 
without effect on the final direction of the 
beam, which depends simply on the properties 
of the first and last media. If /Xi=^3 the ray 
will bo undeviated by passing through the 
plate. 

(ii.) Prism in Air . — In this case /Xi=fX3 = l 
(approx.), and equation (1) becomes 


It is necessary to employ a definite conven- 
tion with respect to the signs of angles in 
order to prevent confusion, and, in certain 
oases, ambiguity. All angles will be considered, 
positive when measurexl in a counter -clochvise 
direction from the ap2)ropriale reference direc- 
lions. For angles of incidence and refraction 
the roforonco directions arc the normals to 
the rospootivo surfaces ; while, in considering 
tlio angle between two surfaces, the normal 
to the surface first encountered by the ray 
is the reference direction for the normal to 
the second surface. As regards the deviation 
of a ray, the initial direotion of the ray is the 
reference lino for the final direotion. 

Fig. 1 Iras been drawn so that all the angles 
with which we are concerned are positive on 
the above convention. The formulae obtained 
from it will of course differ in the signs of 
certain terms from those deduced in the toxt- 
boolcs, in which the magnitude of on angle is 
alone takeir into aooount. 

Lot the angle of incidence ABNi=t. The 
refracted ray BC in the second medium 
makes an angle sr, with the normal 

at B, and finally enters the third medium, 
making an angle of emergence Ng'd), =e, 
with the normal to the second surface at (1. 
If the angle between the surfaces is 0, it 
follows from the geometry of the figure that 
BCNg, the angle of incidence at the second 
surface, =- r -6, and that angle CDO = 0 4- c - i 
But CDO is the angle by which tho ray has 
boon deviated by tho two refractions, =5 say. 
Therefore the deviation, S, -^.0 + e~i. 

sin® 0= (sin r cos (r-( 9 )-co 8 r sin (r-fl)}® 

=■• sin® y -I- sin® (r ~ 0)-2 sin r sm (r ~ 0 ) cos 0 . 


jUg® sin® 0™sin® e + sin® i - 2 sin e sin i oos 0. (2) 

There are three special cases of practical 
importance, viz. e = 0 ; i = 90 ° ; and tho case in 
which the deviation is a minimum. 

(a) When e = 0 tho ray strikes the second 
surface of tho prism normally. Equation ( 2 ) 
reduces in this case to 


__sin i 
'“®~ sin 0 


. (ii) 


(b) When i — 90 ° the incidonco is “graz- 
ing,” the ray being refracted at tho so-called 
critical angle. 

Equation (2) roducoa in this ease to 




-.1 + 


/ cos 0 - sin e\® 
\ Hn 0 ) 


( 4 ) 


(c) Wlien tho deviation is a minimum 
tho angles of incidence and emergence are 
equal. This is sliown in all text-books and 
it is needless to ]irovo it hero. When this 
condition is fulfilled ~e and equation (2) 
becomes 

/Xj® sin® 0“2 sin® i(l +oos 0), 


or 4/X2® sin® (0/2) cos® (0/2) = 2 sin® i . 2 cos® (0/2), 


whence 


_ sin i 
^®"sin (p)' 


Tho deviation, S, = 0 -|- 6 -t, 
£:=J( 0 ~ 5 ); therefore 

sin 1(0 - 5 ) 
^®"" 'sin 1/72™' • 


= 0-2i, or 
. . ( 6 ) 


Tire reader may have observed that the sign 
of sin e in equation ( 4 ) and of 5 in equation (6) 


are dinerent from the usually given terms. 
In the latter case, d is invariably negative on 
the sign convention adopted in this treatment ; 
so if S denotes the numerical value of the 
measured deviation, d= —8 and 


XJie general equation, ( 2 ), is 
fi 2 ^ sin® 0 =sin® e +sin® i-2 sin e sin i cos 6 

=J{ 2 - (cos 2 e + cos 2 i)} 

— cos 6\coa (e— i) — cos (e + f)} 


_sin ^( 0 +S) 

'^®”"~sln 6>/2 ’ 


. ( 6 a) 


which is the usual form. In the case of 
equation (4) the formula is usually deduced 
in the text-books for a case in which e is 
negative, in which case, if the numerical 
value of sin e is denoted by sin e, the usual + 
sign is obtained in the formula. However, 
in tills method e is by no moans always — ve. 
If 6 or ytia is small, the emergent ray may he 
between the normal and the refracting edge 
of the prism, in which case e is positive and 
the negative sign in equation (4) must be used. 
It is easier therefore, as in other optical 
problems, to remember the generahsed forms 
of these equations, inserting the appropriate 
signs in practical cases, rather than to 
remember each case separately. 

(hi.) Prism with one Surface in Contact with 
another Refractive Substance . — Suppose that 
in contact with the first surface of the prism 
there is another refractive substance. In this 
case equation ( 1 ) becomes 


jiia® sin® (> = sin® e + fijf sin® i — 2 / 1 ^ sin i sin e cos 0. 


The only case of practical importance is that 
of grazing incidence, or i=90°. 

In this case the equation reduces to 

/i^= + sin 0 \/jti 2 ® - sin® e-l-sin e cos 0. 

The index is positive and greater than 
unity, whereas the product sm e cos 0 is 
necessarily less than unity ; so that the 
positive sign before the square root must 
always be taken. Thus 

^i=sin 0 \//i 2 ®-sin® e-bsin e cos 6. ( 6 ) 

If /la and 6 are known, /i^ can bo determined 
from equation ( 6 ), the only measurement 
required being the angle of emergence e 
which the ray makes with the normal to the 
second surface of the prism. 

§ (3) Angle of Inoidbnoe foe a given 
Deviation. — In the preceding section the 
relations involved in the principal methods of 
refractometry have been deduced. In each 
case some particular value of i, e, or 8 was 
chosen, the choice being dictated by the 
convenience of reaUsing these particular 
conditions in practice. 


It is sometimes desired to produce a given devia- 
tion by a given prism (in air), and an angle of in- 
cidence has to be chosen to give this deviation. 


=^[ 2-2 {cos (e+i) cos (e-i)}] 

— cos 0 cos (e— i)-l-cos 9 cos (e+i) 

= 1 — cos (e-f-i){cos (e— i)-coa 0 } 

— cos 9 cos (e — i). 

But e-l-i = 5-|-2i- 0, and e — i=5— 0 ; 

.*. /lo® sin“ 0 — 1 -t-cos 0 cos (6 — 6 ) 

= — cos {8—9+2i) {cos (8—9) — cos 6} 


cos (8- 9+2i). 


Ij- sin® 9 — cos 9 cos (8—0) 
cos (5—0) — cos 0 


Since 5 is always — ve, provided /t,:^ 1 , we may put 
5= — 5 where 5 is the numerical value of the devia- 
tion, and 


cos (2i— 9 — S )=- — ^ 


sin® 9 — cos 9 cos (0-1-5) 
cos ( 0 H- 6 ) - cos 0 


from which, since 0 and are supposed known, 
the value of i corresponding to a specified value of 5 
can be calculated. 


§ (4) Sensitivity of Methods. — The equa- 
tions of § ( 2 ), relating to various methods of 
refractometry employed in practice, tell us 
nothing about the relative advantages of the 
methods, and give no guidance as to which 
should be used in any particular circumstances. 
It is necessary to discuss the sensitivity of the 
methods, that is, the change in the measured 
quantity per unit change of refractive index, 
and also the extent to which the results are 
affected by errors in the values of the auxiliary 
constants, such, for instance, as the angle of 
the prism, or, in the case of the method to 
which equation ( 6 ) refers, the refractive index 
jUj of the auxiliary prism. 

Taking first the most familiar method, the 
quantity measured is 5, the minimum devia- 
tion. The sensitivity S may be measured 
by the number of seconds which 5 varies when 
the refractive index of the prism changes by 
one unit in the fifth decimal place. Thus 


_ 35 67-3 x60x60 „ „ „ 

io*— 


35 

dixf 


From equation (5) above, 

9^2 1 ^ 1 ?® U^-8 ) 

ds~ ^ sin 0/2 


Whence 


„ - 4-12 sin 0/2 

cos 1(0 — 5) 


( 7 ) 


Thus the sensitivity is a function of the devia- 
tion and of the angle of the prism. We can 
calculate its value for any values of and 9, 
first finding the appropriate values of 5 from 
equation (5). 


• •lit cv iiicbi.vjij.ctj. yu.2 viUJiCJUttiJu; ju jo 

iutorosting to observe how the sensitivity 
varies for different prism angles. There is 
clearly a major limit to the permissible angle 
for any value of /j,„, which is reached when 0 
is such that both the angles of incidence and 
omorgonce are 90°. If 0 is greater than this 
there is no emergent ray, the light being totally 
roHeotod at the second surface for all possible 
angles of incidence on the first. 

If i= — e=90°, 5 = + — 180°, and 

equation (6) reduces to 

1 

0 / 2 ’ 

The largest refractive index of Avhioh measure- 
ment can bo made with a prism of given 
angle, or the largo.st angle Avhich 


provided /Uacl, since, if /j.^ is unity, the ray is 
undoviated and emerges parallel to the 1st 
face, in which case e = 90° - 0 and .sin e = cos 0. 

This is the largest positive value e can have, 
so that if Ata^l. sin e^cos 6. Thus de/dfi^ is 
always -vo and the ray is always deviated 
farther away from the refracting edge for an 
increase in the refractive index. 

Clearly tho maximum value of 0 for a given 
fi 2 , or vice verm, is the same as in tho minimum 
deviation method, since tho case in which 
both i and - e = 90° may lie regarded indiffer- 
ently as pertaining to either method. 

As regards tho sensitivity obtained with 
different angles for a given general 

features of the curve would be similar to Fig. 2, 


a ])ri8m of given index may have 
and still transmit light, is given 
by tho above relationship. 

If largest possible 

prism angle is 77 J°, while for the 
usual 00° prism tho largest 
possible index is 2. 

In Fiy. 2 tho sensitivity of 
prisms of refractive index l-O 
and T75 is ] dotted for different 
prism angles. Tlio sensitivity 
ineroases as 0 increases, the rate 
of increase being very rapid as 6 
approaches its greatest jjossible 
value, being inllnite when that 
value is roaohod. Tho curve 
shows that for which 

is about the average of tho values 
('noouut(>re(l in practical work of 
high prooision, an angle of 75° 
would give more than live times 



tho scnBitivlty of tho u.ual 00" 2 _s„„n,vity „I Minimum Ilovlntlou MotUod tor dirtoront 

prism. Trlsiu Anglos. 

Sensitivity is, however, only A, B, ia«l'75. 


one factor in tho accuracy of the 
measurements ; and wo shall see that there are 
other factors which prevent tho utilisation of 
the large sensitivity which might bo obtained 
by suitable choice of prism angle. 

[.caving for tho moment tho ease of minimum 
deviation, lot us oonsidor tho method in which 
tho inoiclonoo is grazing, and for which wo 
found (equation (4)) 

» , /cos 0 “ sin e\ ® 

'^=1 + 1 Biao )■ 



for it is easy to see from tho form of equation 
(8) that as cos e approaches zero, that is, as the 
angle of the prism approaohos the value for 
which tho emergent ray is grazing, de/df^^ 
increases more and more rapidly, becoming 
infinity when tho limiting value of the angle is 
reached. In this case as in the last, however, 
practical considerations prevent tho Irighost 
sensitivity being fully utilised and, as wo shall 
see, tho balance of advantage for most 
ordinary purposes lies with tho 00° prism. 

If then wo take the 00° prism as basis, it is 
useful to compare tho sensitivities of these two 
methods throughout tho range of refractive 
index usually encountered in praotioo. 

Those have been plotted in Fig. 3. Tho 
curves toll us tho accuracy with which the 
direction of tho oraergont beam has to bo 
determined in each method in order to have 
an error not exceeding O-OOOOl in the refractive 


index. The precision required is greatest for y which, after transformation and substitution 
low indices. For indices below 1-5, an error 
of 3 seconds in the direction of the emergent 
ray will introduce an error of 


0-00001 in the result with either 
method. At higher indices there 
is a slight improvement, particu- 
larly with the minimum deviation 
method. The region of high 
sensitivity (T8 to 2-0) is not of 
great importance, as most sub- 
stances employed in optical worlc 
have indices between 1-4 and 1-8, 
the great majority lying between 


1-3 1-4 1-5 1-6 1-7 1.8 1.9 2-0 

Refractive Index 

Fig. 3. — Sensitivities of Refractive Index Measure- 
ments for different Indices. 

A, Minimum Bcviatioiv Method. 

B, Grazing Incidence Method. 

1-5 and 1-75. In the majority of cases, then, the 
sensitivity for the grazing incidence method is 3 
seconds per 0-00001 change of index and for the 
minimum deviation method from 3 to 4 seconds. 

The third method which it is 
of importance to discuss is that 
due to Wollaston,^ in which the 
object is not the determination 
of the index of the prism but 
of a substance in contact with 
its first face, the prism merely 
filHng an auxiliary r61e. Several 
commercial refractomelers due 
to different inventors are made 
on this principle. The prism 
we may term the standard prism 
or standard block. 

Equation (6) refers to this 
method, being the index to 
be determined, the index, for 
the wave-length in question, of 
the standard block, and B its 
angle. The quantity measured 
is e, the angle of emergence from 
the second face of the block. 

Differentiating equation (6) under the con. 
ditions that 6 and constant, we obtain 

0e 


from equation (6), becomes 

\\/ 




P-l 


Thus the sensitivity for measurements of /j^, 
which we'may denote by 


=2-06: 




cos C ^2^ Ml 


( 9 ) 


This quantity can be calculated for different 
values of and B, the appropriate values 

of e being obtained from equation (6), which, 
for this purpose, can be reduced to a rather 
more convenient form, viz. <• 

sin e=f).-y cos 0 — sin B s' . . (10) 

In Fig. 4 a series of curves are drawn showing, 
for the case in which p^ = \-15 (a usual value 
for this method), how the sensitivity, 
varies with the index under test (g^) for 
prisms of different angles. The sensitivity 
is in all cases high for indices near that of the 
block, diminishing to a minimum value, 
which is lower, and occurs at a lower value of 
gi, the smaller 6 becomes. Thus with a 90° 
block, the minimum sensitivity occurs when 
p{=l-51 approx., and is about 6 seconds per 
0-00001 variation of ; for 0 = 80° the 
minimum is at 1-5, and is under 5 seconds ; 
for 0 = 60° the minimum is not reached until 
Ml is in the neighbourhood of 1-2, and is just 

\Seconds 
-^20 



ElQ. 


sin 0 




•sm^ e 


-( — 2 sin e cos e) -I- cos e cos 0 


\/M2 


{cos 0 \//i 2 *-sm* e — sin e sin 0}, 


‘ PM. Trans., 1802, p. 366. 


1-1 1-2 1-3 1-4 1-5 1 -e 1-7 1-8 

Refractive Index /t, 

4. — Sensitivity of Refractive Index Measurements by Wollaston 
Method. 


over 3 seconds, while for 0 = 45° the minimum 
is never reached. 

§ (5) EffPEOTS OF Errors in Auxiliary 
Constants. — ^In all the formulae which we 
have considered the angle, 0, of the prism 
occurs. T hi s quantity has, in general, to 
be experimentally determined, and is therefore 
subject to possible error. The assumption 
of an erroneous value for 0 in any of the 



oorreapDiidiug error in the result. This 
error is clearly proportional to the partial 
clorivativos with respect to 0 of the expres- 
sions for fx. 

■ For the minimum deviation method we 
obtain, by partial differentiation Of equa- 
tion (6), 


except near the limiting prism angle, in which 


cos (^1-5/2) 
‘ sin(f/2 


sin® (1/2 


" = sin®(i/2 

Ij; is usually more convenient to express the 
result as tins inverse of this, i.e the error in 
angle which will produce unit error in the cal- 
culated refractive index. We may call this the 
Tolerance in prism angle and denote it by Tf, 
the factor 2d)(i being introduced as before to 
give the result in seconds of arc per O-OOOOl 
error in mdox. 

Tims ■ - (H) 

Fur the gracing inoidonoo motlvod by differ- 
entiation with respect to (), of equation (4) 
wo obtain 

2 1 g-y™ 1 


('cos 0 “ sin e) 
V sin® 0 ) 


('cos 0 -- sin e\ 
i sin 0 ) 


1 •+■ cos 0 


^'oos 0 “ sii 
V sin® 0 


Ts- 2 - 06 , 


-l)oot0}, 

~-2-00^a __ _ 

1 +(/X8®- l)0Ot(?' 



1-3 1-4 1-6 V6 t7 18 19 20 

Fia. 0. — ^Tolerance in Analc of Prism used for 
Itefractivo Index Measuremonts. 

A, Minimum lloviation. 

13, ((razing Incidcneo. 

case the two methods tend to become identical. 
Iir Fig. 0 is plotted the tolortmoo with a 
00° prism, for different values . g 
of the index. X 


In P'lg. 5, Tg is plotted for both of these 
. methods for different prism anglosi the 
rofraotiv(i index being taken as 1-0. We see 



00 * 

Prism Angle 


-Tolerance in Angle of Prisms used tor llefractlvo Index 
Determinations. 

A, Minimum Deviation! 

B, Grazing Inoldonco / " “• 


I'lG. 7.— Toleraneo of Angle of DIoclc in 
Wollaston Metlmd. 

In the case of the Wollaston method we 
have, from equation (0), 

^^^008 0 - sin e sin 0, 

whioh reduces to 

do 2-06 


In this case, therefore, the tolerance 
in angle is indopondont of the angle 
of the prism, depending only on the 
values of pi and Assuming 
Fig. 7 shows the value of 
Tg for different values of the index 
under tost. Wo see from it that 
the effect of an error in 0 is less 
the higher the index under test. 
For aubstanoos of index about 1'5 
an error of two seconds in the angle 
of the block will introduce an error 
of O'OOOOI in the value of the index. 

The accuracy of this method 
alst) depends on the accuracy with 
which Pi, the index of the prism, 
is known. The error in p^ duo to 
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from the ffguro that tho effect of an error in an error in the assumed value of p^ will bo 
the angle of tho prism is much greater for proportional to the partial derivative of tho 



right-hand side of equation (6) with respect deviated to different extents. If the slit 
to ^2. 0 and e being regarded as constant. is at infinity, all the rays from any point of it 

which reach the prism are deviated equally 

1 ^'9. ^i^^ ^ and can be recombined at a single ]5oint 

3/i2~ ^ ^ ' in the focal plane of the telescope. A sharp 

image of the slit is the result. The slit is 
In the particular case when 6 = 90“, this usually formed between two jaws of untamish- 
reduces to In Fig. 8, 3 mi/ 0M2 is plotted able metal. The edges are bevelled on the 

for different prism angles for two values of fiy side which faces the lens and are ground 

perfectly sharp and straight. The method 
of mounting the jaws varies in different 
designs ; but there is invariably provision 
for opening or closing the slit by means of 
a screw of fine pitch, which is usually pro- 
vided with a divided drum so that the slit 
width can be set at definite values. In the 
majority of cases one of the jaws is fixed, 
and the slit opens and shuts unsymmetric- 
ally. In some of the more expensive slits 
both jaws move simultaneously, so that 
the centre of the sUt remains in the same' 
position whatever the slit width. Some 
workers have a preference for symmetrical 
slits ; but except when the instrument is 
used as a monochromatic illuminator, it is 
Angle of Bloch doubtful if there is appreciable advantage 

EiG. 8.— Wollaston Method. Effect of Errors in Index other hand, with an 

of Standard Block. observer who is apt to take an instrument 

on trust, they may be a source of danger. 
It Will be noticed that the smaller the value When precise measurements are in question 
of 0 the smaller is the effect of an error in it must never be assumed that the centre 

of the slit has exactly the same position for 
II. The Speotrometbr different widths. It is not therefore satis- 

. factory to vary the slit width when dealing 

§ (6).— The spectrometer in its simplest with spectrum fines of different brightnesses 
elements consists of a collimator, an adjustable as advocated by some writers. If some 
table on which a prism or other dispersing ap- lines are too bright with the slit width necossi- 
paratusmay be placed, a telescope which rotates tated by the faintness of others, their bright- 
about an axis concentric with the table, and ness should be diminished by placing absorbing 
a circular scale on which the angular position glasses between the slit and the source, ro- 
of the rotating telescope may be determined, moving these when working on the faint fines. 
It IS necessary to be able to rotate the table There is no slit mechanism sufficiently perfect 
itself about the same axis as the telescope to enable one to assume an absolutely sym- 
rotates ; and, except in the simplest instru- metrical opening and closing of tlie slit to 
ments, means are provided for reading the the very high degree of accuracy of whicli a 
angular position of the table, either on the well -designed spectrometer is capable, 
same circle as used for the telescope or on a Whether symmetrical or unsyraraotrical, a 
septate circle. good slit will also have provision whereby the 

The former arrangement is the more exact parallelism of the jaws may bo adjusted, 
generally useful, since it enables rotations of In certain classes of worlc extremely fine slit 
the table to be determined with the same widths, as little as 0-01 mm. for instance, 
accuracy as rotations of the telescope. Where are used. It is only with the most accurate 
a separate circle is provided for the table it adjustment for parallelism that slits of such 
18 rarely of the same accuracy as the other. fineness are possible. 

(i.) The Collimator. —This consists simply When a good siit has been obtained it 
of a narrow sht at the focus of a lens. The should be treated with the utmost care. To 
rays from each point of the slit are therefore close the jaws completely is aljnost invariably 
render^ parallel by passage through the fatal, and it is rare to find a slit which has 
ens. The necessity for collimation is due to been in general laboratory use for any length 
the fact that unless the slit were ^rtually of time which will close down to a very narrow 
at mfmrty, rays from any point of it would width without showing streaks across the 
meet different parts of the prism at different spectrum due to some parts of the jaws being 
angles of incidence and would therefore be in contact. 




i.he use or ciuartz jaws was suggested by tlic 
late Sir W. (irookos.^ Those are bovcllod to 
a very sliarj) oclgo in tho same way as the 
ordinary metal jaws. Tho edges therefore 
form j)ri8ms, and light which i)assos through 
the quartz is refracted towards the sides of the 
oollimator tube, by which it is absorbed. 
Only tho light passing between the edges 
reaches tho lens of tho collimator, just as in 
tho ease of opaque jaws. The advantage of 
quartz jaws is that they can be 2 )olishod to a 
more accurate edge than metal. The dis- 
advantage is that tho edges are so extremely 
fragile. Tho jaws should therefore bo mounted 
in Buoh a way that tho moving mechanism 
drags them forward by friction, so that there 
is no possibility of jamming them together in 
tho event of tho slit being accidentally closed. 
It is surprising that this method has not been 
generally adopted oven for metal jaws, as it 
would greatly minimise tho risk of damage to 
a valuable slit. 

The slit is tisually attached to a short tube 
which slides into tho end of the collimator 
tube, and may be adjusted, j)roforably by rack 
and pinion, for focussing tho oollimator. 

Tho body tube of tho eollimator should bo 
lined with some corrugated material or fitted 
with a series of diaphragms to prevent light 
which falls on the side of tlie tube from being 
roflootod as stray light through tho lens. 

Tho lens of tho oollimator should bo a 
tele 80 o ]:)0 objective of tho finest quality. It 
should bo free from all but tho merest trace 
of 8i)herioal aberration. Tho lenses employed 
in s])eotroraotors are almost invariabiy ce- 
mented doublets. There is therefore always 
oonsiderablo residual chromatic aberration, 
which is usually particularly manifest at tho 
blue end of tho spectrum. By the use of 
triple lenses tho greater i)ai*t of this could bo 
obviated, and a very serious nuisance to tho 
8peotro8ocq)i8t removed. 

(ii.) Tlt& Telescope.— -Tho requirements of this 
important part of the spectrometer have not, 
unfortunately, received the attention from 
makers which ought to have been devoted 
to them. As in tho case of tho oollimator, 
telescopes are frequently fitted with object 
glosses made to an ordinary formula suitable 
for telescopes of surveying instraments, etc. 
The type of colour correction suitable for such 
instruments is entirely unsuited for speotro- 
soopio work, in which the rays at tho extreme 
ends of tho spectrum are just as important as 
those in the more oentral regions. Here, n.s in 
tlie case of the oollimator, it would be possible 
to get a much more satisfactory result from a 
triple lens than from the usual doublet. 

As tlie telescope may sometimes have to bo 
used with a micrometer eyepiece, the lens 
ought to be designed to give tho best definition 
1 Ghm. News, 1806, Ixxl. 176. 
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pussiblo over a lield or at least 2"^ on either 
side of the axis. Further, tlio field of view 
should bo flat, otherwise tho measurements 
with the micrometer eyepiece will bo affected 
by distortion. 

The power of tho eyepiece employed may 
vary over a fairly wide range without ajjpreci- 
ably affoctmg its usefulness ; but a convenient 
I)ower is one which gives a magnification of 
tho telescope as a whole of 18 to 20 diameters 
for each inch of effective aperture. 

An important feature of a spectroscopic 
telescope, and one which greatly influences 
tho accuracy of the results obtainable with the 
instrument, is the cross-lines. 

Considerable exj)ei’imonting with settings 
of different tyj)os has boon done by various 
workers, but there is very little doubt that 
tho most suitable arrangement for general 
spectroscopic work is that in whioh the cross- 
lines are mounted diagonally as shown in 
Fig. 9 (a). Tho angle between tho lines varies 
in different instruments from about 20° to 
90°. Where possible the writer always mounts 
them at 60°. Such linos can be sot with great 
accuracy on a vertical Imo as in Fig. 9 (6). As 
regards the thickness of tho lines, there is 
no great advantage in having them excessively 
fine. Within reasonable limits, tho thicker 
tho lines tho loss fatiguing it is to keoj) them 



Fig. fl. 


in sharp focus. With aii oyopioco of about 
cm. focal length a convenient diameter of 
fibre to employ is from 4 to 8 g. 

In the case of a micro meter eyepiece, tho 
best tyjio is that in which tho ocular can bo 
moved as well as the oross-linos. If the ocular 
is fixed only small movements of tho oross-linos 
are possible, since tho definition falls off 
rapidly towards tho edge of tho field. But 
if the ocular can also bo translated, so that 
tho oross-linos always appear in tho centre of 
tho field of view, good definition is obtained 
over a much larger range. 

(iii.) The Axis and Scale . — Tho considerations 
of §§ (4) and (6) show us that in order to measure 
rofraotivo indices correctly to tho fifth decimal 
place it is necessary that we should be able to 
determine angles to within a little over one 
second of arc. This requires most accurately 
turned centres and accurately divided scales ; 
but even when the instrument-maker has done 
his very best, there is much to bo done by tho 
experimenter in discovering tho poouUariLios 
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of the instrument and the errors to which it is 
liable, and in devising means for their elimina- 
tion or correction. The proper attitude to 
adopt to any instrument is one of distrust and 
suspicion ; and it should not be regarded as 
accurate in any particular until it has been 
carefully verified by tests as many and varied 
as possible. 

For working to anything less than ten 
seconds verniers are unsatisfactory, and the 
scale has to be read by two or four micrometer 
microscopes. The need for an even number 
of microscopes arises from the very probable 
existence of “ centering error.” Tliis error is 
due to the scale not being exactly concentric 
■with the axis of rotation. 

Suppose Oj, Fig, 10 (a), is the centre of the 
scale, and Ca is the axis about which the moving 
portion of the instrument rotates. Let CaV 
be the arm carrying the vernier or micrometer. 
Then the reading will he at R, where OgV inter- 
sects the scale. Let the line of excentricity 
EEj make an angle from the zero point Z 
of the scale and let CiC 2 = e. It is clear that 
if the scale reading is 6^^, that is, when the 
radius bar lies along EEj, the reading is 
independent of the displacement e, and is 
therefore the same as if e were zero. When the 
bar is in any other position the angle through 
which it has been rotated from EE^ is RfiaEi. 
But the angle recorded on the scale is RfijEi. 
The recorded angle is therefore too small in 
the case shown by CiRC 2 = e sin 0/r, r being 
the radius. For any scale reading 0, therefore, 
there is an error of - (e/r) sin (</> - 6^). This is 
of maximum value when the vernier arm is 
perpendicular to EEj, and is zero when it 
is parallel to EEj^. The curve of error will 
be a sine curve of the form shown in Fig. 10 
(6). The actual error between two readings 
(/>! and (/>2 is the algebraic difference between 
the ordinates of the curve at these readings. 
It may therefore vary from zero to 2(e/r) de- 
pending on the values of and i/ij. 

We notice, however, that the ordinate at 
any point of the curve is equal and opposite 
to that at a point 180° from it. Thus if 
there are two verniers 180° apart the errors 
of one will always be equal and opposite to 
those of the other, and the mean of their 
readings will give the true angle. 

Thus centering error can be eliminated if the 
mean reading of two verniers (or micrometers) 
180° apart are taken. Spectrometers, except 
of the most elementary type, are therefore 
fitted with two or four verniers (or micro- 
meters) equally spaced round the circle. 

This, however, while it eliminates centering 
error where the direction and magnitude of 
the eccentricity is constant, does not elimin- 
ate every possibility of error from defective 
centres.. If in the course of rotation the 
relative position of Cj and Oj alters, which is 


certain to happen to a greater or less extent 
unless the bearings are perfect in the literal 
sen.se of the term, the errors in each vernier 
reading need not follow the simple sine law 


(a) 


(i) 


lorfx/J 



0 ° 180 ° ' 360 ° 


Pig. 10. 

and will not necessarily be eliminated by 
taking the mean of readings 180° apart. An 
instrument, even if perfect when new, is 
certain to develop erratic centering errors of 
this type in the course of time, unless the rotat- 
ing portion is very carefully balanced so as to 
press uniformly at all points of the bearing. 
If the contact is heavier on one side than 
another, the axis will bo worn slightly elliptical 
in use, work being more concentrated in- some 
ranges of angle than in others, and therefore 
e will change both in magnitude and direction 
for different readings. 

Apart from centering errors, the scale 
divisions may themselves bo non-uniform. 
There may be gradual variations of the size 
of a division due to unsuspected centering 
errors in the dividing engine with which 
the graduations were out, or there may be 
irregular displacements of the division Unes 
owing to imperfect working of the engine. 

To calibrate the circle for every division 
is a very tedious business, and is not at all 
easy to perform •with groat accuracy except 
where special apparatus exists for such tests. 
On this account it is usual in the best instru- 
ments to provide means for altering the 
orientation of the scale with respect to the 
verniers or microscopes, in order that a 
particular measurement may be repeated, 
using different graduations distributed round 
the scale. In this way, if sufficient measure- 
ments are made, the graduation errors tend 
to average out. 

The foregoing considerations apply both to 





lescope and rotatu)n of tko table. A serious 
jfeot ill the design of moat spectrometers is 
lat the axis of rotation for the table is much 
38 satisfactory than for the telescope ; 
msoquently measurements of table rotations, 
'•on when made on the same circle as those of 
le telescope rotations, are liable to much greater 
rots duo to defective action of the centre, 
his is a serious matter in the general use of 
ich instruments whore, for certain purposes, 
ich as the measurement of prism angles, for 
stance, it is necessary that the table rotation 
lould be measurable with the very greatest 
souraoy. 

There is one more important point about 
10 centering an'angomonts of the spoctro- 
etor. The two moving parts should be 
.ounted on a single axis, the table being, of 


side, and provided with two concentric slots 
of X section in the upper face. Tliese are 
shown at 1 in the figure. The collimator, 2, 
is of 3^ -inch aperture, and can be clamped 
to the base in any azimuth by four bolts, 
the heads of which are in the broad portion 
of the X slots. The telescope, 3, of 2J-incli 
aperture is mounted on an accurately balanced 
arm. In order to reduce the iveight on the 
centres to a minimum, light alloys were 
employed wherever mechanical considerations 
permitted. A second telescope, 4, the uses 
of which are indicated later, is provided. 
This telescope is identical with 3, except that 
it stands on a jiillar wliich can bo clamped 
in any position round the base in the same 
way as the oollimator. When not required 
it can bo removed. Both telescopes and 
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surge, uppermost ; and the clamping devices 
nd fine motion fittings should bo so arranged 
iiat there is no frictional connection whatever 
etween the two rotatable parts. If this is 
ot secured the usual result is that the part, 
'■hioh in a given experiment is supposed to 
^main fixed, suffers a slight drag by the 
loving part in the dlrootion in which the 
itter is moved, 

(iv.) /I HlaruUird *S’pech'omclfir.~-In Fig. 11 
1 shown a speotrometer designed in its 
Bseiitiala by the writer and in detail by 
losars. E. E. Watts, Ltd., of London, who 
lade the instrument for the Optics Depart- 
lent of the National Physical Laboratory. 
:h 0 diameter of the base is 36‘ inches, wliioh 
ives the scale of the figure. 

The aim in the design was to avoid all 
ourcea of error which could bo foreseen and 
o render easy the detection and elimination 
f such unforeseen and unavoidable errors 
s might still be present in the completed 
[istrument. 

The base is a circular iron plate, strengthened 


oollimator are provided with adjustments 
for horizontality of axis, which are carefully 
designed to give great rigidity without the 
introduction of strain in the tubes. 

The centre consists of a strong tapering 
pivot. About the lower portion of this the 
telescope rotates, lino adjustment being 
obtained by moans of the clamxiing collar, 6, 
and tangent screw, (5. A ling, 7, is screwed 
on a thread at the lower end ^ of the pivot. 
This ring supporte a hall-bearing, which in 
turn suxri)ort8 the weight of the moving telo- 
soopo system. By adjusting 7, the moving 
system can be slightly raised or lowered to 
vary the tightness of the centre and secure 
proper freedom of rotation. 

On the upper half of tlio central pivot, a 
soocmd moving system, consisting of the 
table and graduated circle, rotates. The 
circle, which is ot 16 inches diameter, is 
completely enclosed by a dust-proof cover. 
The scale is road by four micrometer micro- 
scopes, 8, reading directly to half-seconds 
and by estimation to loss. These are attached 


to a ling associated with the lower moving 
system and can be fixed in any position 
relative to it. The table itself can rotate 
for adjustment purposes independently of the 
circle. For this motion it is actuated by an 
endless tangent screw, 9, which can be thrown 
in or out of gear by a paul, 10. 

When using the instrument for purposes in 
which rotation of the telescope is to be 
measured, the upper moving system has to 
be clamped to the pivot, thus fixing the 
position of the circle. The clamping device 
employed is such that no radial force whatever 
is exerted on the system. There is therefore 
no possibility of centering error being intro- 
duced by the process of clamping. When 
measuring rotations of the table, the telescope 
being fixed, the upper moving part is un- 
damped from the centre. Fine motion of 
the circle relative to the telescope is obtained 
by means of the clamping collar, 11, and 
tangent screw, 12. This collar can be removed 
entirely when not required, thereby removing 
any danger of a slight frictional drag on the - 
circle and table when rotating the telescope. 
If desired, the tangent screw, 12, can he 
transferred to the support of the additional 
telescope, 4. 

This instrument, it will be seen, can be 
used with equal accuracy for all purposes for 
which a spectrometer can bo employed. 

§ (7) The Prism. — In the last section 
the principal features and requirements of a 
spectrometer designed for the most accurate 
refractometry (and goniometry generally) 
were indicated. We shall now look at the 
requirements of the prism on which such 
measurements are to be made. In the first 
lace, we must decide to what angle it should 
e cut. In discussing the sensitivity of the 
two principal methods available for determin- 
ing the index of the prism, viz. the minimum 
deviation and grazing incidence methods, we 
saw that the sensitivity considerations alone 
would lead us to employ the largest angle 
for which light would still be transmitted 
by the prism. Further, from Fig. 4, the 
extent to which an error in the angle of the 
prism affects the result is seen' to be nearly 
the same for all prism angles for the minimum 
deviation method, while it diminishes appreci- 
ably as the angle increases in the case of 
grazing incidence. This would also lead us 
to use as large an angle as possible. 

There are other considerations, however. It 
is clear that the more nearly grazing the 
emergent ray is, the narrower is the transverse 
aperture of the beam which enters the telescope. 
This results in loss of definition. Up to a 
certain extent this is found to be without 
effect on the precision of the settings ; but 
when carried too far some accuracy is lost, 
particularly in the method of grazing incidence, 


m which, as we snail see later, tlie setting 
is unsymmetrical. This consideration would 
lead us to use small angles. Tho final 
coniideration, and the decisive one in the 
present stage of angular metrology, is that 
angles which are submultiples of 360“, such 
as 30°, 45°, 60°, and 90°, can easily and 
conveniently be measured with greater 
accuracy than those of intermediate value. ^ 
This fact leaves the balance of advantage with 
the 60° prism. Not only so, but if the 
substance is isotropic, or if it is a uniaxial 
crystal with its axis perpendicular to the 
principal plane of the prism, so that it has 
the same refractive index in any direction in 
the principal plane, it is possible, if aU three 
faces are polished, to make measurements 
with each angle in turn. Glazebrook has 
shown ^ that if the individual angles of an 
approximately equilateral prism do not differ 
too much from 60°, the mean of the deviations 
when each angle is used in turn is equal to the 
deviation corresponding to a prism angle of 
exactly 60°. It must be borne in mind, 
however, that this result assumes that the 
prism is a true prism, i.e the three edges are 
supposed to be accurately parallel. By the 
assumptions on which the formulae of prism 
refraction are based, the angle of the prism 
is the angle between the two plane faces at 
which refraction occurs. If the prism is 
pyramidal, the sum of the angles between 
the faces taken in pairs exceeds 180°, and the 
mean deviation corresponds not to 60° but 
to 60°H-f/3, where the sum of the three angles 
is 180° H-f, It is shown in the article on 
“ Goniometry,” where tho methods of measur- 
ing prism angles are dealt with, that for a 
60° prism, ^ = 0-279P® x 10*® seconds, where P 
seconds is the inclination of an edge of the 
prism to the opposite face. Thus if the 
pyramidal error of the prism is 10 minutes, 
the sum of the angles is 180° H- 1 second. 

While it is necessary to bear this in mind, and 
to test for pyramidal error, no prism which is 
otherwise good enough for precision determina- 
tions is likely to have more than a few minutes’ 
pyramidal error at the outside, in which case 
the excess of the angles over 180° can be 
neglected. 

Thus with a 60° prism it is possible to 
dispense altogether with a precise knowledge 
of the angles, thereby eliminating about half 
of the possible experimental error of the index 
determinations. 

A prism which is to bo used for determina- 
tions of great accuracy must be in the highest 
degree homogeneous and have its surfaces 
very accurately plane. 

The total effect of defects of surface and 

* See article on “ Goniometry,” § (3). 

’ See footnote to paper by Gifford, Roy. Soc. Proe., 
1902, XX. 230, 


ront, and also tho planonoss of tho surfaces 
hoinsolves, can bo tested by intorferoncc 
uothods (indc. “ lutorforoinetors : Technical 
Applications,” § {-I)), and from these results 
ho departuros from lioraogencity of tho 
natorial can bo deduced. Tho groat skill 
s^ith which surfaces can now bo i)olished 
enders it easy to get prisms with surfaces of 
iraost poi’fect llatnciss ; btit it is by no moans 
lasy to obtain a prism of satisfactory homo- 
fonoity. In fact tlie liomogonoity of tho 
natorial is what sots tlio limit at present to 
iho accuracy to which it is worth while 
bttoinpting to push rofraotometrio measure - 
neuts, 

Thooi’otieally, by increasing the mocshanical 
Mu’fection of tiro speotromoter, and by using 
lolescopos of greater aperture and power, 
iho prooision of the angle moasurenronts oould 
re incumaod very considerably beryond what 
s necessary for fifth place accuracy m tho 
ndex mcasinxrmt'nts ; but tiro useful size 
)f tho telosaopes is limited by the size of 
rrisnr which can bo obtained of satisfactory 
lonvogeneity. It is of little use at present 
io attempt to use prisirvs of more than 2- 
uoh side. 

§ (8) Af)J(T.STM:ENT OP tSpROTROMETETt. — 
1,’hero are two principal adjustments which 
rave to bo made htrforo a spectrometer is ready 
'or use. Tho collimator and teloaoopo have to 
w foeusHod for parallel light, and they have 
riser to bo adjusted so that tlieir optic axes 
rre portrondicular to tiro axis of rotation of 
(he instrumernt. Therer are varitrus ways ol 
rerferrming those adjustments ; hut by far 
iho most convenient makes use, in each case, 
rf an auxiliary telescope. Hineo such an 
luxiliary toleseopo is of the greatest con- 
miionce in many metlurds erf using the 
rpectroseerpe, particularly fetr gcrnioinetry 
'vide. “ Ooniometry,” § (2)), the experimenter 
ihould always prervide one for his instrument, 
riio tcsiescopo shtruld bo similar ter that of the 
qrtrotrermeter, thenigh it need not have a 
nieromotor eyerpieree, and should be mounted 
rn a rigiel stand with adjuatalrlo feet as 
baeribocl in the article just epioted. 

Tho aeljustmemt for cerlUmatiern is very 
ample. First one teleseurpe and then the 
rbher is ferousaed on the slit erf tho collimator, 
rho two telescopes arer then placoel in lino 
ivith each other, and the crersa-linos erf one of 
ihem illuminated by moans of a lam]) placed 
behind the eyepieico. If on looking through 
the other the crerss-lines erf the first ap^roar 
in aharnr focus, the cerllimatiern is ceriToct, 
[f, howevver, the collimator was not in correct 
wljustmont ter start with, tho tclosooxrcs 
wtruld each be foenissed ferr an object either 
within err heyernel infinity. Supperse tho latter, 
Le. tho tolerseerpo cross-linos, are nearer the 


passes in tho reverse direction, rays from a 
point in the jrlane of the cross-lines will leave 
tho objective as a divergent beam. Thus 
when the first telescope is employed as a 
collimator with respect to the second, the 
rays from it diverge, whereas the second 
tolesccrpe is focussed for converging rays, and 
so tho cross-lines of the first are not seen in 
sharp focus. Half tho adjustment necessary 
to bring them into focus sliould be made with 
eac.li toloscoire, after which both will be 
correctly collimated. Either can then bo 
directed towards tho collimator and the latter 
adj listed to bring tho slit into focus. 

If tho initial error of collimation is groat, 
the process should bo repeated ; a veiy few 
repetitions Avill secure perfect adjustment. 

Apart from spectroscopic work, any throe 
telescopes or collimators can bo focussed for 
infinity in a very short space of time by 
adjusting them in this way until they will 
focus on each other in pairs. 

Ill tho case of tho spectroscope tho collima- 
tion must bo adjusted for the wave-length of 
blio liglit with which the instrument is about 
to be used, since tho chromatic aberration 
of the lenses is always appreciable near the 
extremities of tho spectrum. 

Tho adjustment of tho optic axes of tho 
toloacope and collimator to bo perpendicular 
to blio axis of rotation of tho former is also 
most conveniently performed with tho aid 
of tho auxiliary telescope. Tho method is 
as follows : 

Tho rotating toleseopo is turned to an 
oblique position, such as Tj, Fig. 12, and a 
prism is set on tho table and adjusted so that 
one of its faces reflects tho light from the 
collimator into tiro toleseopo. It is necessary 
to marie the approximate centre of tire slit. 
This is usually done by stretching a fine wire 
or fibre across it ; but it is much bettor to 
employ two such fibres, separated by about 
0*5 to I mm. Tho point half-way between 
tlvoae, which can be judged with ample 
accuracy, is taken as the centre of tho slit. 
Tlris obviates making settings wlicro tho slit 
is crossed by tho fibre. Tho pi’ism is levelled 
by moans of one of the adjustment screws 
of tho table so that the centre of tho slit comes 
on tho cross-lines of the telescope. Tho latter 
is now rotated out of the way and tho auxiliary 
telescope, Tjj, set up in its place. The latter 
is adjusted by means of its own levelling 
soi'ows until tho centre of the slit is exactly 
on tiro cross-linos. It will bo clear tliat by 
this process wo have placed the auxiliary 
toleseopo with its axis in exactly the same 
direction as that of the toleseopo T^ in its 
irribial position. Tho prism is now removed, 
and Ti is swung into a position in lino with. 
Tg. A lamp is placed behind tho eyepiece 
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are then, visible in the field of Tj. If the adjust- 
ment is correct, so that the axis of generates 



T, /« second arrangement 
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a plane on rotation, it is evident that the 
cross-lines of Tg and those of itself will be 
at the same height in the field. But if the 
optic axis of is not perpendicular to the 
axis of rotation, it generates a cone, and in 
this case there is a vortical displacement 
between the cross-lines of Tj and those of T^. 
Obviously the angular extent of this dis- 
placement is twice the amount by which the 
axis of Ti departs from perpendicularity 
to the axis of rotation. is therefore adj usted 
to reduce the vertical displacement by one- 
half, when its axis should be in correct adjust- 
ment. It is then brought into line with the 
collimator and the latter adjusted with respect 
to it. It is advisable to repeat the process 
if the initial error is large. 

This method of axis adjustment can be per- 
formed quite quickly in practice, and is much 
less tedious and also more accurate than the 
customary spirit-level methods, 

§ (9) The Use of the Spbotrometbb 

BOR ReBRAOTOMBTRY. MINIMUM DEVIATION 

Method. — The prism of which it is intended 
to measure the refractive index is placed on 
the table. Let Rj and Rj, Fig. 13 (a), be the 
faces which are to be employed in the measure- 
ment ; one of them, R^, should be placed ap- 
proximately perpendicular to the line ab joining 
two of the adjustment screws of the table. 
The telescope is put in any convenient position, 
say T, Fig. 13 (b), and the table rotated so 
that an image of the sUt is seen by reflection 
in Rj. The centre is brought to the level of 
the cross-lines by the screw a, Fig. 13 (a). 


position previously occupied by R^, and the 
height of the image adjusted by the adjust- 
ment screw c. Since this does not affect the 
previous adjustment of R^, both R^ and Rj, 
and, therefore, also the edge in which they 
intersect, are now parallel to the axis of 
rotation. The prism is then in adjustment 
for maldng the index measurements. The 
minimum deviation method is carried out as 
follows ; 

The prism table is rotated so that the fight 
transmitted by the prism is deviated to one 
side as in Fig. 13 (c). The table is rotated, 
and the image followed with the telescope 
until the deviation is a minimum. Many 
observers use special methods for determining 
when the deviation is a minimum ; but it is 
quite easy to obtain the correct position 
witltout them. In case of doubt, however, 
the best method is to note the two positions 
of the table for which the deviation has a 
particular value just a little, in excess of the 
minimum, and then set it half-way between 
tliese positions. If the telescope is provided 
with a micrometer eyepiece the best method 
of determining the position of the telescope 
is to clamp it in the approximately correct 
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position and note the scale reading. This should 
be left fixed and the series of actual settings 
on the spectrum line made by means of the 
micrometer eyepiece. The individual settings 
will usually be of greater precision, and conse- 
quently fewer will be required to attain a given 
accuracy of the mean than if the telescope 
is moved bodily at each setting. 

Having determined the direction of the 
refracted ray in this position, the prism table 
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measurement is iierformed. The difference in 
the scale readings for the two cases, corrected 
for the difloronco in the micrometer means, 
is twice the angle of minimum deviation. 

The necessity of doubling the angle by 
employing the two positions of Fig. 13 (c) 
and {(1) arises from the difficulty of taking 
the zero reading with the telescope and 
collimator in line. Those are focussed up 
for the wave-length of the monochromatic 
radiation for which the determination is 
being made. If a direct zero reading were 
attempted the light in the imago of the slit 
would comprise all the components emitted 
by the source, and in general the settings 
could not be made witliout readjustment of 
focus. 

Such, in outline, is the minimum deviation 
method. There are various matters of tech- 
nique which must receive attention, however, 
it the highest accuracy is aimed at in the 
results. 

(i.) PasUion of Priam on Table, — This 
must bo SC) adjusted that in both positions. 
Fig, 13 (c) and (d!), the light comes from the 
same area of the collimator lens and enters the 
same area of the telescope lens. If, for 
instance, the prism is arranged with its centre 
ooineidont with the axis of rotation, this 
condition will not be fulffilod. Thus in Fig. 14 
the portion of the apertures used is mostly 
to one side of the axis in (a) and to the other 
side in (6). The errors which may arise from 
such an areangomont, on account of imperfect 
focussing or (rpherical aberration, are discussed 
in another article. The prism must be 
moved towards its l)aso so that it employs 
the apertures centrally, as in Fig. 14 (c). 
To make this adjustment, examine the exit 
pupil of the telescope with a magnifier. The 
illuminated aperture of tlio prism will bo 
seen within the circular aperture of the 
telesoopo. Move the prism until its illumin- 
ated face ttpx)oars symmetrical with respect 
to the telescope lens, taking care to keep the 
bisector of the refracting angle above the 
axis of rotation. When this is done the prism 
aperture will bo symmetrical with respect 
both to the telescope and collimator axes 
’^1 in both positions, Fig. 13 (c) and (d). Needless 

to say, the parallelism of the refrooting edge 
to the axis of rotation should bo cheeked 
after tlie x>rism is in its final position. 

(ii.) Adjualmeni of the. Light.— ~Tho source 
of light has to bo adjusted so tliat the aperture 
of the collimator is evenly filled with light. 
With broad sources such os flames it is some- 
times good enough simply to xilaco them at a 
little distance from the slit. With vacuum 
tubes or other small sources it is essential 
* “ Qonloniotry,” § (1). 


xne source snoma oe piacea at some aistance 
from the slit and adjusted until the rectangular 



patch of light, which will be seen falling on the 
collimator Ions, is at the centre of the latter. 
A lens is then mtorposed and adjusted until 
an image of the source is ’formed on the slit. 
The aperture and focal length of tho lens should 
bo such that tho cone of rays which it con- 
centrates on tho slit just fills tho lens of the 
collimator. If a wider oono is supplied* some 
of tho light is scattered from tho sides of 
tho collimator tube and may ultimately roach 
tho Hold of view, adding to the stray light 
wliioh is always to bo found there. 

(iii.) lUuminaiion of the Cross-lines. — It is 
necessary in order to make comfortable and 
accurate settings that tho cross-linos should 
be clearly soon. Further, it is necessary, 
particularly towards the blue end of tho 
spectrum, to illuminate thorn with light of 
the same wavo-longth as the spootnim lino 
on which moasuromonts are being made. If 
this is not done very serious troubles arise, 
duo to chromatic parallax, which make aoenrate 
settings an impossibility. The x')Oculiaritie8 of 
chromatic parallax, which arises from tho 
chromatic aberration of tho eye and the 
restricted size of tho exit of tho toloscox)e, 
are explained in another article.® 

There are several motliods of eliminating 
chromatic parallax,® but the most convenient 
for refractometric work, and in fact for any 

» '‘Eye, Tho” 8 (27). 

» Quild, Proc. Phys. Soc., 1917, xxix. 311. 



specrroscopic wopk except wiien tnere are 
numbers o£ lines closely packed together, is 
to use a wide slit, say 1 to 2 mm., with a fibre, 
similar to those used for the cross-lines, 
stretched along its centre. Each spectrum 
line then gives rise to a band of light with 
a black line down the middle. The band 
serves as a background for the cross-lines, and 
settings are made on the central fine. Suit- 
able fibres of quartz or glass can be mounted 
on large washers, together with a horizontal 
pair to mark the centre of the slit, and pro- 
tected with microscope cover glasses. These 
can then be affixed in front of any spectro- 
scope slit with wax. It will be found useful 
to prepare a number of such fibres of varying 
thickness, say from 5 to 10 thousandths ,of a 
millimetre, and employ that which gives the 
greatest comfort under the circumstances 
of the observation. The collimation has 
of course to be adjusted with the fibre in 
position. 

This arrangement has several advantages 
in addition to the eUmmation of chromatic 
parallax. Every worker with a spectroscope 
has realised the difficulties of setting cross- 
wires accurately on a fine spectrum fine. 
Even when the general field illumination is 
satisfactory and the cross-fines are distinctly 
visible there is an annoying uncertaint}’’ as 
to the exact point of superposition. Diffrac- 
tion effects make themselves evident in a 
wavering and loss of definition at the point 
of intersection, which is very trying. With 
the arrangement described there are no such 
effects at the moment of contact. Every- 
thing appears as distinct and clear as if it 
were a diagram drawn on paper. Secondly, 
the tiresome fiuctuations of accommodation, 
to which the eye is subject when using faintly 
illuminated cross-lines, are practically absent. 
Thirdly, the full brightness of the line is 
utilised. With a fine spectrum line the field 
illumination has to be low enough to give a 
satisfactory contrast. With faint fines this 
involves working at illuminations for which 
the acuity of vision is not great. With the 
wide slit method the full brightness of the fine 
is utilised as backgroimd for the cross-lines, 
so that the maximum use is made of the 
available light. 

The method can be used with advantage 
for all cases in which there are not several 
fines packed close together. With sodium 
fight, for instance, the slit images for D^ and 
Dg are superposed, but the central line of 
each is quite clearly defined. It is only when 
the bands of several close fines overlap that 
the individual images of the fibre become 
difficult to see. 

(iv.) Elimination of Scale Errors . — When 
determining the scale reading by means of 
the micrometer microscopes, settings should 


oe maae on several consecutive rulings. This 
tends to reduce errors due to local irregularities. 
To eliminate progressive errors of ruling it is 
necessary to repeat the whole determination, 
say half-a-dozen times, with the scale shifted 
through about 60° in relation to the micro- 
scopes each time. 

(v.) Careful Manipulation . — ^In general the 
greatest care in handling the instrument 
in the course of a series of observations is 
essential. No spectrometer will give consistent 
readings if subjected to strains and flexures. 
In particular the rotation of the telescope 
from one position to another must be made 
slowly and with the careful avoidance of 
sudden accelerations ; and the manipulation 
of the micrometer eyepiece must be performed 
without any tendency to push or pull the eye- 
piece in the direction of measurement. 

§ (10) CniTioAL Angle Method. — The 
essential condition for this method is that a 
converging beam of light should fall tangen- 
tially on one face of the prism. Fig. 15. The 



rays are refracted into the prism and fall 
obliquely on the second face, at which they 
are refracted into the air and may be received 
by a telescope suitably placed. It is clear 
that all rays which have the same angle of 
incidence will be deviated equally by the 
prism and will combine in the focal plane of 
the telescope to form a fine line parallel to 
the refracting edge of the prism. Actually 
the line will be slightly curved (as in the case 
of the image of a slit) on account of the fact 
that the deviation for rays which are inclined 
to the principal plane of the prism is greater 
than for rays in the principal plane. In 
practice, if the adjustments of the prism have 
been properly oariied out, we are only con- 
cerned with rays in the principal plane. 

We have, then, a fine line in the field of 
the telescope corresponding to each angle 
of incidence present in the converging beam. 
The resulting effect will bo a band of fight. 
It is evident that the incidence angle is sharply 
delimited at 90°, when the rays are just graz- 
ing. There are therefore no rays for which 
the angle of refraction is greater than for 
those at grazing incidence, and the band of 


at tho lino corresponding to these rays. Thus 
the band will have a sharp edge ; and if the 
cross-lines are sot on this edge tlie inclination 
of tho telescope axis to the normal of the 
face l^a will bo the angle of emergence, e, 
in tho formulae which wore developed in § (2) 
for the case of grazing incidence. 

To make a determination by this method, 
the prism is mounted on tho spectrometer 
table and levelled as described in the preceding 
paragraph. Tho source S is placed in line 
with one of the faces. Fig. IG (a), and a lens L 
inserted to produce a converging beam. The 
distances of S and L should be such that an • 
imago of S is formed about an inch or so 
beyond tho prism. 

Tho telescope is rotated until tho critical 
edge is on the cross-linos and a series of settings 
made. As m the case of minimum deviation, 
it is preferable to make these settings with 
the mioromotor eyepiece, leaving the telescope 
clamped in one iiosition throughout. 

Having determined the reading for the 
critical edge in the position shown, the source 
and lens are shifted to S' and L' so as to 
bring tho illumination from the other side 
of the prism. Tho telescope has then to be 
moved to the dotted position and the settings 
repeated. If (j> is tho angle between the two 
positions of the telescope, and e is tho angle of 
omergonco (tho sign of e being given in 
accordance with the convention adopted in 
§ ( 2 )), 

26 = 0 - 1 - 0 - 180 °. 

It has to bo noted that the angle of omor- 
gonoo in tho first position corresponds to a 
refracting angle A, wliilo in tho .second position 
tho refracting angle is 6. If these differ tho 
angles of emergence aro not equal in tho two 
oases. However, if they do not differ greatly, 
the value of e given by |(0 -1-0-180°) will 
correspond to tho moan of tho angles A and 
fi. clearly, if tho measurements are made 
with tho light incident on each of tho faces 
in turn, giving throe nearly equal values, 
0', 0", 0'", for the rotation of the telescope, 
wo can put c = J -((0' -l- 0" -t- 0'")/3 + G0° — 180°} ; 
and tho value of e so obtained will correspond 
to a prism angle of exactly 00° (assuming no 
pyramidal error). 

Tho order of magnitude of 0 is about 00°, 
more or less. This method, therefore, involves 
the measurement of a fairly largo angle. An 
alternative arrangement, which only involves 
measuring a small angle, is shown in Fig 
10 [h). It requires the use of tho additional 
tolosoopo on a separate stand, to which 
reference has already been made (§ (8), p. 706). 
Tho light is incident along tho two faces which 
contain tho refracting angle. Tho tolosoopo 
Tj is rotated so as to receive one of the 
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is placed so as to receive tho other. The 
method of making the measurement is as 



follows : The critical edge in tho hold of tho 
fixed telescope is brought on tho cross-lines 
by means of the tangent screw which rotates 
tho table ; then the telescope T^ (or its 
micrometer eyepiece) is adjusted so that its 
cross-lines are sot on the other critical edge. 
Bot/tf settings should bo repeated several 
times, tho teleacopo reading being noted each 
time. If 5 is tho angle between tho axes of 
tho two telescopes when they are both correctly 
set on tho rospoctivo critical edges, 2e~5-0. 
If tho process is repeated with each angle of 
the prism in turn, giving three nearly equal 
values. S', 5", S'", then 2e= (S'-h S" ^ 3'")/3 - 00°, 
whore e is tho angle of omorgonce corresponding 
to a prism angle of (i0°. 

To measure 5 vm illuminate tho cross-linos 
of Tj and treat it as a collimator with respect 
to Tj, which should be rotated until tho 
two sots of cross-linos coincide. The angle 
through which it has to bo moved is tho angle 5. 

In order that all tho f)bsorvatic)ns may bo 
made without removing the prism from tho 
table, it is convenient to arrange tho height 
of the latter (or of tho telescopes, if this is more 
convenient) so that* tho lower half of the 
telescope objectives aro utilised for the critical 
angle measurements, while tho upper half aro 
above the level of the prism top and are avail- 
able for the collinear measurements. 

As regards tho latter there aro one or two 
precautions to bo observed. In the first place, 
it is not satisfactory to attempt to sot the 
two cross-lines in exact coincidence. Such a 
setting is very insensitive. Tho telescope 
axes should bo very slightly out of line in 
the vertical direction, so that one cross is a 
little above or below tho other. Then when 
the axes are in lino horizontally tho two seta 
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If a suitable vertical displacement is chosen, 
this rhomboidal setting can be made with 
great precision. In repeating the determina- 
tions ab initio, the cross-lines, which in the first 
case were lower, should be the higher next 
time, and so on. In this way any error due 
to want of exact parallelism of the two sets 
of wires is eliminated, and a true setting 
corresponding to exact coincidence of the axes 
is secured. 

As in the case of the minimum deviation 
method, the final accuracy of the 
result depends on the care with 
which the manipulation is per- 
formed, and on the arrangement of 
the apparatus so that the processes 
involved in the actual measure- 
ments are rendered as few and as 
simple as possible. In the critical 
angle method the success or failure 
largely depends on the illumination 
arrangements. If . these are satis-' 
factory the method is easy and 
accurate ; but if they are 
otherwise, as may very 
easily be the case, or if 
they require readjustment 
in the course of a deter- 
mination, the greatest \^\ 
trouble may bo encoun- \ 

tered. It is undesirable, 
for instance, to have to 
shift the source so as to illuminate 
first one face of the prism and then 
the other. Two sources must be 
set up to begin with ; or, what is 
better still, an arrangement should 
be adopted by which one source 
may be employed to illuminate 
both faces simultaneously. 

A convenient and easily con- 
structed illuminator for this pur- 
pose is shown in plan in Fig. 17. 

D is a hole of about 3 mm. dia- 
meter a little outside the focus of 
a condensing lens L. The source, if it 
has appreciable width, is placed behind D, 
or an image of it is formed at D by 
another lens, as if D were the slit of a 
spectroscope. The light leaves the lens L in 
a slightly converging beam. It then meets 
a 60° prism, which should be of clear colourless 
glass polished on all three sides, but which 
need not otherwise be of good quality. This 
splits the beam, by internal reflection, into 
two beams which emerge in the directions 
shown. These beams, when they have 
separated to an extent of 15 cm. or so, meet 
a pair of right-angled prisms so placed as to 
make them reconverge at an angle of 60°. 
The various parts can be mounted permanently 
on a single stand. The supports of the right- 


A 




Era. 17, 


as this facilitates adjustment. 

The niuminator is so placed in relation to 
the spectrometer that the prism under test 
occupies the position which is shown dotted 
in the figure.’- The lens L should have a power 
of about 10 diopters, and the distance of D 
from it should be such that images of D are 
formed at D' and D", about two inches beyond 
the apex of the prism. When the illuminator 
has been placed approximately in the correct 
position, a slight rotation of the right-angled 
prisms will usually be sufficient 
to give satisfactory bands with 
sharply defined edges. 

If the source is rich in light of 
other wave-lengtlis than that for 
which the measurement is lieing 
made, stray light of these wave- 
lengths almost always appears in 
the field, and may give rise to 
chromatic parallax troubles. To 
overcome this difficulty filters must 
be used in front of I) to cut out 
or reduce the objectionable 
rays. 

‘ 'A In determining 5, the 

suitable illumination of the 
cross-lines of Tj may pre- 
sent some difficulty. It 
/ is evident that when the 

telescopes hro sharply 
focussed on the critical 
edge of the refracted beams they 
are collimated for the wave-length 
of the light employed. In the 
presence of the usual amounts of 
chromatic aberration, they will 
not be in correct focus for other 
wave - lengths. If the refracted 
light is in the yellow or green 
part of the spectrum it will 
generally be quite satisfactory to 
put a table lamp behind the eye- 
piece of Ta with, possibly, the 
interposition of a colour filter to 
approximate the colour to that for which 
the telescopes are focussed. If, however, 
the refracted light is not near the middle 
of the spectrum it is not usually possible 
to get sharp enough focus -with colour filters, 
and it is necessary to employ light of the 
wave-length for which the index determination 
is being made. An arrangement which proves 
convenient, except with faint linos, is to 
mount a small mirror close up to the eyepiece 
of To and adjust it so that it sends the refracted 
light which emerges from the eyepiece back 
into it to illuminate the cross-lines. This 
adjustment has to be made with some nicety, 

^ Particulars of this method arc given in a paper 
by Guild and Dale, Trans. OpticM Soc., 1920, xxil. 
pt. 3. 
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end of a lover, pivoted on a suitable stand. 
It can then bo swung out of position when 
it is desired to luolc into the eyepiece of 
T 2 , and swung back to position for the 
collinear luoasuremont, without upsetting 
its adjustment. In this way the difficulty 
of securing light of the same wave-length 
for all the measurements involved can be 
overcome. 

Special Case 0 / /a = 1-53. — From equation (4), 

§ (2), if ^2 = 1 -528 the emergent angle is 
-30“, and the two critical 
rays are collinear, provided 
0 — exactly. Thus for 
indices near this value S is 
very small, and can bo 
measured on the micro meter 
oyopiGoe without rotation of 
the toloscopo at all. For 
such indices we thus have a useful 
check on the accuracy of more general 
methods ; since wo eliminate com- 
pletely the axis of the instrument and 
any undetected peculiarities it may 
possess. 

It is this feature of the method 
which invests it with importance in 
precise rofraotometry. It is not in 
itself quite so easy to perform as the 
minimum deviation method, and is 
not suitable at all except for bright 
spootrum linos ; but the fact that it 
can bo made to involve only very 
small rotations of the toloscopo or, 
in a partiuular case, no rotation at 
all, makes it Irighly useful as a chock 
to bo used in conjunction with other 
methods which depend for their 
aoouraoy on tho acourato measure- 
ment of comparatively largo rota- 
tions. 

It is desirable therefore to investi- 
gate tlio oiTors to which the results 
may bo liable on aooount of tho 
unsymmotrioal nature f)f the setting. 

There are two points which require 
attention. In the first place, on account 
of tho iihonornonon of irradiation, tho bright 
area will encroach on tho dark area and 
tho edge will bo displaced on this account, 
Tlio magnitude of this error can easily 
bo determined experimentally. As the 
observer should always determine it for 
himself with tho telescope to bo used for tho 
moasuroraont, a method of doing so may be 
dosoribod. 

A prism P, Fig, 18, is placed at tho focus 
of a long focus telescope objootivo L with 
one of its faces approximately at 45° to tho 
axis. A glass plate A is placed a little behind 
tho prism, also inclined at 45° to tho axis. 
A source of light Sj and a sheet of ground 


face of the prism, and a second source S 2 
and ground glass G™ are placed where they 
Avill illuminate the plate A. TJxe observing 
telescope is placed at T and focussed sharply 
on tho edge E of tho prism. If is turned on 
and Sg is off, the held will be bright on one 
side of E and dark on the other ; while if S 2 
is on and is off, the bright and dark sides 
are reversed. If, then, the cross-lines are set 
on tho edge when first one side and then the 
other is bright, the difference in tho micrometer 
readings will bo twice tho 
error due to irradiation. 
When such measurements 
are made it is found that tho 
error amounts to about 40 
soeonda divided by tho 
magnification of tho tele- 
scope. Thus for a telescope 
of power 20 the error is only about 
2". F’nrther, this is found to bo 
indopondont of the brightness over 
a very wide range, and also of the 
colour. Thus one may find very pre- 
cisely the correction to bo applied 
to critical angle readings on account 
of irradiation. It will be clear, of 
course, that this correction includes 
any other “ porsoixal equation ” error 
which may influonco tho setting in 
addition to irradiation. 

There is one particular in which 
tho conditions in tho actual critical 
angle sotting differ from those in 
tho arrangement just dosoribod. It 
is evident that in tho latter case 
tho intensity is uniform right uj) to 
the edge, and that a sudden dis- 
continuity occurs there. In the 
case of tlio critical edge there is no 
actual discontinuity. The intensity 
falls off more and more raiiidly as 
tho critical angle is approached, and 
is actually zero at that point. Tho 
intensity curve can bo calculated 
from Frosnol’s equations for refrac- 
tion and reflection, correction being made 
for tho fact that tho rays in tho refracted 
beam are oorapressod more and more closely 
as tho critical angle is approached. Those 
curves have been calculated by Kruess,^ and 
in Fig. 19, tlio intensity curve for a band 1° 
wide is given for ^=1-0, and /x=l-05. What 
will tho eye adopt as tho “ edge ” of such a 
band ? There is reason for believing that 
tho “ edge ” will bo that part at which tho 
intensity is diminishing most rapidly. While 
it is not evident from Fig. 19, on account of 
the scale on which it is drawn, tho slope 
of the intensity curve increases continuously 

‘ Hwgo Krucss, Zeit, J. Inslk. xxxlx., March 1010, 
p. 73. 
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up to tuo critical angle, ana is tnereiore 
greatest at this point. Therefore, if the 



no-. 19. — Intensity in 
neighbourhood of Critical 
Angle, (j ) — Critical Angle. 


above supposition 
is correct, the same 
-setting should be 
made as if the 
brightness were 
uniform up to the 
edge and suddenly- 
dropped to zero. 

That tills some- 
what unexpected 
result is correct to 
a high order of 
accuracy has been 
demonstrated ex- 
perimentally.^ Con- 
sequently the criti- 
cal angle setting 
only requires the 
easily determined 
correction, men- 
tioned above, for 
irradiation and 
personal equation. 
The results of the 
method may there- 
fore be employed 
with confidence 
for comparison 
■with those obtained 


by the minimum deviation method. 


III. Rbfraotometees 

§ (11). — The methods which have been 
described m some detail in the preceding para- 
graphs are those suitable for the most precise 
absolute determinations. They mvolve a con- 
siderable amount of time to carry out com- 
pletely, and also require carefully worked prisms 
of fairly large dimensions. They are even more 
troublesome when appUed to the case of hquids ; 
as the liquid has to be contained in a hoUo-w 
prism, built up of accurately plane parallel 
pieces of glass, which has frequently to be 
taken to pieces for thorough cleaning. 

There is a large amount of refractometry, 
which has to be done in cormection with various 
industries, for which the very highest accuracy 
is not demanded, and for which the time and 
trouble- involved in such determinations would 
be unjustifiably expensive. For such purposes 
a number of instruments have been devised, 
most of which are largely empirical in their 
results, but which are very rapid in use, and 
require a minimum of material and labour 
for the preparation of the necessary specimens. 

§ (12) Abb.'6’s Autooollimatiok Speotro- 
SCOPE. — ^This instrument employs a modifica- 
tion of the minimum deviation method in which 

1 Guild and Dale, Trans, Optical Soc., 1920, 
xxU. 13. 


tne telescope aiso serves as commator. in tne 
upper half of the focal plane of the eyepiece 
is a sht. The light enters by a hole in the 
side of the tube and is reflected through the 
sht by a small 45° prism. In the lower half 
of the field is a sharp pohiter. The prism 
employed for the test is cut with an angle of 
30°. The prism table is rotated until the 
light refracted at the first face of the prism 
meets the second face normally, and is 
returned along its path to form an image of 
the sht in the focal plane of the telescope. 
When this image comcides with the pointer, 
the normahty of the beam to the second face 
of the prism is exact. 

The angle of refraction is then equal to the 
angle of the prism. The angle of incidence, 
i, is found by rotating the telescope until it is 
normal to the first face of the prism, and the 
refractive index is obtained from the formula 

_sin i 

The method is not very convenient for 
accurate determinations of the refractive 
index, since the value of 9 must be deter- 
mined ; but it gives quite accurate values for 
the dispersion. It has the advantage for 
commercial work of requiring only half as 
much glass as a 60° prism, but has the dis- 
advantage over some of the empirical refracto- 
meters, described later, of requiring two first- 
class surfaces instead of only one, 

§ (13) PuLERiOH Reeractometbe..* — This 
employs the Wollaston method discussed theo- 
retically in §§ (2) to (6). The main feature of the 
instrument is a block. A, Fig. 20, with one 
pohshed face horizontal and another vertical. 
The substance whose index it is desired to deter- 
mine is placed in contact -with the horizontal 
surface and a convergent beam of mono- 
chromatic hght, L, is directed along the inter- 
face. In Fig. 20 (a) the arrangement employed 
for hquids is illustrated. A circular glass 
tube, C, is cemented to the block -with a cement 
or wax which is not soluble in the hquid 
to be examined, some of which is poured 
into the cell thus formed. A portion of the 
incident hght is refracted from the hquid 
into the block, ultimately emerging from 
the vertical face into the air, and is received 
by a telescope. As in the case of the critical 
angle method for determining the index of 
the prism itself, a band of hght is produced 
in the field of view which has a sharp edge 
corresponding to the direction of emergence 
of a ray incident at grazing incidence on the 
first face. The angle of emergence, e, which 
this ray makes -with the normal to the vertical 
face of the block is determined. In order 
to set the telescope normal to the face of the 

“ C. Pulfrich, Zeiis. Instrumentenh., 1888, -vili. 47 ; 
and 1895, xv. 389. 
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dovico, coiiHiating of a small 45° prism fixed 
behind a portion of the cross-linos. This 
prism can bo illuminated by a lamp placed 
to the side of the instrument. When the 
telescope is approximately normal to the face 
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of the block a reflected image of the illumin- 
ated face of tho little prism is seen at the side 
of tho field o])poHit6 to tho prism itself. It is 
crossed by image's of the parts of tho cross-lmos 
which are in front of tho prism. When tho 
actual (irosa-lines are brought into coinoidonco 
with those' images tho axis of the tolosoopo is 
nornral to tlie face of tho block. 

To avoid having to place tho head in hicon- 
veuient positions, tho telescope is constructed 
as in Fill. 20 (c), with a right-angled piiam 
behind tlio object glass, so that the main 
body of tho tolostsopo is always hoiizontal. 

Tho circle is usually divided so as to road 
to minutes by means of a vernier. It is 
provided with a radius arm and micrometer 
tangent screw by means of which it may be 
moved through a range of 5° or 6°, for which 
readings can bo taken on tho dnira of tho 
tangent sorow to 0*1 minute. Thus tho 
actual values of e can bo determined to about 
1 minute, which, from tho curves of Fiff. 4, 
corresponds roughly to 1 unit in the fourth 
decimal place, whereas the differences of 
readings within the range of tho tangent 
screw may be accurate to O-l minute, corre- 
sponding to about 1 unit in the fifth place. 
The quantities usually wanted in practieo 
are the K'fractive index for some wavc-longth 
near tho brightest part of the spectrum and 
tho dispersion, i.e. the differences in refractive 
index for a series of linos s^)read throughout 
the fq»ootrum. Tho lines almost universally 
list'd are C, D, F, and O', tho first, third, and 
fourth being obtained from the vacuum tube 


opcjuuiuiu ui niiu uiio luuilig 

the well-known sodium line. The procedure 
usually followed is to bring the tangent screw 
to the beginning of its range, and rotate the 
telescope so as to bring whichever of those 
linos corresponds to tho smallest value of e, 
usually C, to tho middle of tho field. The 
circle is then clamped to tho radius arm and 
the setting.s on the various bands made by 
moans of the tangent screw. By noting the 
circle reading which corresiionds to some 
reading on tho tangent screw, and correcting 
for tho reading which corresponds to the 
normal (c^O), tho values of e for the various 
lines will bo obtained correct to 1 minute, but 
mutually consistent to a much higher degree. 

For dotorminiug tho indices of solids, tho 
arrangement of Fig. 20 (b) is employed. The 
apocimon requires to iiavo two polished faces, 
one of thorn two to throo cm. long and accur- 
ately flat. The other, which sliould he aj'proxi- 
matoly at right angles to tlio first, need only 
bo a few millimetres deep, and its quality is 
immaterial provided it intersects tho first 
surfaco in a clean sharj) edge without trace of 
bevel. 

In order to obtain optical contact, so that 
refraction from tho speoimon to tlie bloolc 
may occur, it is necessary to interpose a film 
of liquid of higher refractive index than tho 
apeoimon. If tho film is parallel-sided — which 
can always bo secured by examining tho 
intorforonoo bands at the interface tlie 
presence of tho film does not affect tho ultimate 
dirootion of tho rays, which is tho same as if 
tho spocimon were in optical contact with tho 
block. 

For this rofractometor, in which tho angle of 
tho block A is 00°, equation (0), § (2), becomes 

= — sin® e. 

For convonionce in computation tho instni- 
inonts aro usually supplied with tables giving 
tho indices corresponding to valnos of e, 
increasing by intervals of 10 minutes, for cacli 
of tho linos 0, T), F, and O'. Tho values for 
intormodiato angles aro obtained by pro- 
liortionato intori'olation. 

Unfortunately such tables as issued are 
rarely sufficiently accurate for any but the 
roughest approximation. Tho actual angle 
of the block usually departs appreciably from 
90° ; and tho values adopted for tlie indioos 
of tho block arc those determined for a spoci- 
mon of tho molting used for a number of 
blocks, and may cl iffor considerably from those 
actually poasoased by any one of them. 

Tho angle slionld always bo measured, and 
tho true indices of the bloclc deduced from 
careful determinations with a substance whoso 
indices liavo been determined by an acourato 
absolute method ; or, if this is not available, 
with a spocimon of quartz^ for which tho 
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values are reasonably well established. Hav- 
ing obtained this information a new set of 
tables can be computed ; but it is much 
simpler to employ the erroneous tables and 
apply corrections. 

For instance, suppose the angle of the prism is 
90° — dd, where 8d is a small quantity. 

rn 

6 

(fronr 13), 

where /Ij is the value given by the tables. The 
tabulated value, /tj,, has to be diminished to give 
the true value if the angle of the block is less 
than 90°, and increased if the angle is greater 
than 90°. The correction can be calculated for a 
scries of values of say 1-5, 1'55, 1-0, 1*65, etc. 
It will not be necessary to tabulate it for smaller 
intervals unless the error in angle is unusually 
large. 

A similar small correction can be applied to the 
tables for errors in the assumed values of /Xg. This 
of course has to be done for each wave-length. Let p.^ 
be the assumed value used in computing the tables, 
and /Aj the true value. Also let p,-y be the value of 
the index under test as given by the tables, and 
the true value. 

Ml =Mi ~ ~ 

■=Mi-— (M2-M2)- 
Ml 

This correction can also be tabulated for a series 
of values of for each wave-length. If there is also 
an error in the angle of the block, the two corrections, 
being small, can be obtained separately as above and 
added to give a single correction. 

The total correction for values of increasing 
by intervals of -01 can pe got out in a comparativply 
short time. The corrections should be computed 
to the sixth decimal place t6 prevent accumulations 
of small errors mounting up to 1 in the fifth place.* 

§ (14) The Abb^i Befraotometbr. — T his 
instrument is of lower accuracy than the 
Pulfrich refractometer and gives results which 
are only reliable to a few units in the fourth 
decimal place. 

The essential parts of the instrument are 
shown diagrammatically in Fig. 21, the 
arrangement of parts being that followed in 
the instrument made by Bellingham and 
Stanley of London, which has various advan- 
tages over the Zeiss model. and Pg are two 
prisma of dense glass. Surfaces 1, 3, and 4 are 
polished ; surface 2 is matt. The prism 
is hinged at H, so that it can be swung away 
from Pj and removed altogether if desired. 

In determining the index of a liquid, a drop 
of the latter is placed on surface 2, which is 

* Focr a discussion of the possibilities of the 
Pulfrich Pefractometer and the limitations of 
existing patterns of the instrument, see Guild,' 
Proc. Phys. Soc. xxx. part 111, p. 157. 


then closed up into contact with surface 3, 
the liquid being squeezed out into a thin film. 
Light from a suitable source is directed to- 
wards the prism system by a mirror M. It 
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strikes the matt surface 2, and is scattered 
into the liquid film and the prism Pg. Since 
no ray can enter Pj with a greater angle of 
refraction than that of the ray at grazing 
incidence, the emergent rays when collected 
by a telescope will all converge to points on 
one side of a line in the focal plane. The field 
will therefore he divided into dark and light 
portions, the edge of the bright portion 
corresponding to the value of e for the critical 
rays, as in the similar oases previously dis- 
cussed. 

The rotation of the telescope is registered 
on a graduated arc wliich reads refractive 
index directly. In practice the instrument 
is used with wliite light. To compensate for 
the dispersion of the system, and at the same 
time get a rough measure of the dispersion 
of the substance under test, the ingenious 
device is adopted of introducing a reverse 
dispersion by means of two direct vision 
prisms. These are mounted one above the 
other in front of the object glass of the tele- 
scope, and are geared so that by turning a 
milled head they may be rotated in opposite 
directions. They are so oriented to start 
with that their planes of dispersion ,are parallel 
to each other and to the principal plane of the 
prism Pg, their dispersions being additive. If 
A is the angular dispersion of one of the prisms 
between the C and P fines, the total dispersion 
in this position is 2 k. If now the prisms are 
rotated at equal rates in opposite directions, 
the resultant dispersion is still parallel to the 
principal plane of Pj, but is diminished. For 
any orientation, 0, from the initial position 
the resultant dispersion is 2 ^ cos 0. When 0 
is 90° the dispersion due to the prisms is zero, 
and when 0 exceeds 90° it changes sign, and 
increases to 2 in the reverse direction. 

In using the instrument the critical edge as 



a ahoi-t apcHitruin, '.rhe oonipohsating prisma 
are roiatod until the colour diaapi)oara and 
a sluup achromatiaed edge is obtained. The 
crosa-linoH are set on this edge ; the reading 
on the arc then gives the index for sodium 
light. Tlio orientation of the compensating 
prisma gives, by reference to a set of tables 
supplied with the instruiuent, a rough value 
of tlio cispersion, from 0 to F, of the sub- 
stance under tost. 

To use the Abbe rofraotometer to determine 
the iudines of solids, the prism I* is removed, 
anti a s|>ocimon similar to that emt)loye(l 
with tlw ihdfrich rofraotometer placed against 
face 3, optical contact being obtained by a 
film of liquid, as descriliod in connection with 
the letter instrument. 

§fl5) Aunij’s Ceystal Eeb'raotomktee.i — 
This instrument is designed for the convenient 
Qxamination of crystals in difloront orienta- 
Dions. The block is in this ease hemisphorioal, 
Fig. 22, and is fitted with a coll to contain 



licj^uids. Tlio crystal specimen is placed on 
tlm surface, immersed in a liquitl of higher 
refractive index. The a.xis of rotation of 
the telescope passes through the centre of the 
hemi8])here, so that tho optic axis is always 
normal to the latter. The front surfac^o of tho 
object glass is close to tho homis])horo and 
parallel to it, thereby neutralising the effect 
of tho ourvaturo of the block on tho focus of 
tho emergent beam. Thcu'c^ is evidently no 
deviation of tho beam on leaving tho block, so 
that when tlio telescope is set on the cuitioal 
edge it riK'asuros r, tlie ongb of refraction of 
tho critical ray into tho block. The index 
of the 8r|)eeinion, --gg sin r. 

It is possible to rotate the hemisphere about 
a vertical axis, thereby altering the orientation 
of the crystal with refqioct to tho direction 
of the light. Tho illumination may either 
be supplied at grazing incidence, as in the 
Pulfnoh refractomoter, or the beam may bo 
incident from within the glass as shown 
dotted at 1/. In the latter case tho eriti(!al 
edge divides the field into reg'ons of total and 
partial reflection, tho oribioal direction being 
the same as for grazing inciclonco. Tho 

‘ Hoo S. Ozapskl, Zeiin. f. Imtrumenlk., 1800, x. 
24fi, and ]'’cu8Hnor, ZeilH, /. Instrummtk., 1894, 
xlv. 87. 


wliose edges are irregular or not aiiproximatcly 
poiqiondicular to the face in fiontact with the 
block of tho instrument ; but tho edge is not 
so shaiqi nor tho contrast so good as with 
grazing incidoneo. In order to ])ass readily 
from one method of illumination to the other, 
tho source is mounted in lino with tho axis 
of rotation of the telesciope, tho light being 
reflected in the dirccticui L or L' by a mirror 
mounted on an arm which rotates about tho 
same axis. Thus, by swmging tlie mirror, 
tho light can quickly bo adjusted for eitlior 
typo of illuminatkm. 

§ (10) Tiria DirriNo Reeraotomhtjoh. — This 
instniment is designed for the rcfractometiy 
of liquids available in faii'ly largo quantities. 
It is only snitalile for use over a small range of 
index and is therefore mainly used for siieeial 
purposes, such as tho estimation of alcohol, 
wines and boors, sea and mineral waters, etc. 
The principle of tho apparatus will bo clear 
from Fig. 23. P is a cylinder of glass on which 
a plane surface inclined at about 30° to the 
axis has been ground and polished. Tho end 
of the instrument is immersed in tho liquid, 
which is contained, in a vessel with a glass 
side so that light reflected 
from a diffusing reflector, 

II, may enter the vessel. 

Tho oritical edge is viewed 
in tho focal piano of tho 
eyepiece, in which there is 
also a scale divided to road 
refractive indices directly. 

A is a direct vision prism 
which compensates the 
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dispersion and ensures a sharp achromatic 
edge. The instnirnont is usually supplied 
with several noso.-pieocH of different glass to 
render it suitable for different ranges. Tlie 
most usual range is l’32f5 to ]-3fl5. 

IV. EfFBaTO OF TiSMrBHATxrRf!) AKD Phicssurb 

§ (17). — In the preceding paragra]il>s we 
have conoemed ourselves with the methods of 
determining rofraotivo indicios as accurately a,s 
possible, under the. circtnnfitavre.fi which prevail 
during the d^erminalion. For tlio results to 



be of value it is necessary to state them in 
such a form that they can be compared with 
those made under other conditions. In the 
first place, the quantity measured by all the 
methods employed in practice is the relative 
index, i.e. the absolute index of the substance 
with respect to vacuum divided by the 
refractive index of air. If is the absolute 
index and yu, the observed index, 
where n is the refractive index of the air 
during the observation. Both jl and n are 
affected by temperature, and n is also affected 
by pressure. An observed value of /r is 
therefore only correct for the particular 
temperature and pressure for which the 
determination was made. 

As regards the variation of Jx, this may be 
taken as linear over the usual range of labora- 
tory temperatures, so that + /xa{t-t'), 

where a is the temperature coefficient of abso- 
lute index, and is taken as positive when the 
index increases with temperature. 

The variation of n with temperature and 
pressure follows Gladstone and Dale’s law 
that n-1 is proportional to the density of 
the gas. Thus 

V760'273-t< 

^o) ~ 2 T 3 ) ~ ^ ~ %73’ 

where 1 + /3 is the refractive index of air at 
0° C. and 760 mm. pressure, and 5 is the 
excess of pressure above 760 millimetres. 

Let yu.® be the observed relative index at t° C. 
and 760+ 8 mm. pressure, then 

— ^ 760 — 273* 

This gives p.^ in terms of the observed relative 
index. Similarly, for observations at any 
other temperature and pressure, 

"b b 760 273" " ^ 

Subtracting (ii.) from (i.) and rearranging, we 
get 

■’■^^“760 + 

Equation (iii.) gives the relative index at any 
temperature and pressure in terms of the 
relative index at the temperature and pressure 
of the observation. It is evident that the 
temperature coefficient of the relative index is 
a + i3/273. 

These relationships enable us to express a 
result either as absolute index at a standard 
terqperature, or as relative index at a standard 
temperature and pressure. The most useful 


in practice is the latter, and, where possible, 
results should be expressed for a temperature 
of 17° C. and a pressure of 760 mm. 

The values of /3 can be obtained from the 
results of Kayser and Runge,^ Scheel,^ and 
others. Kayser and Range’s formula for 
damp air at 0° C. and 760 mm. pressure is 

/3= 10-’^2878-7 + 13-16^ +0-316^4), 

where X is the wave-length of the liglt. Por 
dry air 3 x 10"’’ should be added. This 
difference is negligible for our present jurpose. 
The following table gives the indices for dry 
air for various spectrum lines : 


Designation 
in Solar 
Spectrum. 

Approximate 

A. 

13. 

A 

7690 AU. 

•0002906 

B 

6870 „ 

•0002911 

C 

6660 ,. 

2914 

D 

6890 „ 

2922 

E 

6270 „ 

2933 

F 

4860 „ 

2943 

G 

4310 „ 

2962 

H 

3970 „ 

2978 


Erom these figures the reduction of the 
results to standard pressure can always be 
performed ; and, if a is known, the reduction 
from one temperature to another. The co- 
efficients both of absolute and relative index 
are given for a typical series of optical glasses 
in Hovestadt’s “ Jenaer Glas.” For the 
ordinary ffint glasses a varies fairly regularly 
with yu, and the value for any glass of this 
type can be found sufficiently accurately for 
correction purposes by interpolation. For the 
more complex glasses, however, the data are 
insufficient for interpolation, except for glasses 
which are very near one of the type glasses, and 
it may be necessary to determine a. In 
doing this it is safest to avoid attempts to 
heat the prism. It is very difficult to obtain 
rehable results in this way. In most labora- 
tories there is some room or rooms of which 
the temperature can be varied over a range 
of at least 10° C., so that measurements can 
be made, with the whole apparatus at a 
uniform temperature, over a sufficient range to 
give the necessary accuracy in a for correcting 
over a smaller range. 

V. Special Varieties oe Spectroscopes 

§ (18). — The type of spectrometer discussed 
in § (6) is really m principle the simplest and 
earliest form of spectroscope, elaborated in 
mechanical detail so as to enable the measure- 

^ Abkandl. d. Bert. ATcad. Wiss., 1893. 

’ Berl. Verb, d, Physik. Ges., 1907, ix. 
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inotry to bo luaclo with the utmost accuracy. 
Except h)r thoso specific purposes, however, 
such ail instrument would rarely bo used. 
It would find no place, for instance, in the 
equipment of a modern spectroscopic labora- 
tory, whore the primary object of the work 
is the identification and accurate measurement 
of wave - lengths. Such determinations are 
always made by interpolation between adjacent 
linos of known wave-length, and the spectro- 
SGopist is hover concerned with any but quite 
small angular measurements. This being so, 
the instrumental requirements are somewhat 
different. Not only so, but the development 
of photographic methods has practically ousted 
the spectroscope as an instrument of spectro- 
soopio research. 

Thus the beautifully designed instruments, 
with long trains of prisms intended to give 
very high resolving power, which were formerly 
features of speotroscopio laboratories, are now 
rarely if over em]iloyod ; they are replaced 
by spectrographs, which not only are capable 
of greater accuracy, but have the inestimable 
advantage of giving permanent records of the 
observations. The visual spectroscope is only 
u.sed for the identification of simple known 
spectra, or for other work for which groat 
aoouraoy is not required. The B])ocial needs 
of the spootrosooiiio laboratory are beyond the 
purview of this article, which deals primarily 
with the roquireraouts of the “ applied ” 
rather than the “ pure ” physicist ; but a 
certain amount of sfioctrosoopio equipment, 
suitable for general work, is essential in an 
optical laboratory. 

§(19) Titia DiBiaaT Vtsxo-Nr SeraoTnosooPB. — 
This instrument, which is suitable for the ex- 
amination of light sources to ascertain the 
general nature of their spectra, has all its parts 
mouutocl in one straight tube, and is tlieroforo 
easily directed to the light when simply held 
to the eye. Its essential element is a oom- 
pound prism, 1^ i^Fig. 24), which consists of a 
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prism of dense flint glass cemented with 
(lanada balsam between two prisms of crown 
gloss. The refractive index of the denser 
glass will bo about 15 per cent greater than 
that of the other, but its dispersion may bo 
twioo as groat. Consequently, if the prisms 
bo out to such angles that the total deviation 
for, say, the sodium light is zero, rays at the 
blue end of the spootrum will bo deviated 
towards the base of the dense prism, and thoso 
at the rod end will bo deviated in the opposite 
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disfiersion of the flint glass. 

The collimating and telescope lenses, Lj 
and Lj, have usually a focal length of 2 to 3 
inches. In some instruments the slit, s, is 
fixed, and the positions of lines in the spectrum 
are read on a scale in the focal plane of the 
eyepiece. This is only convenient for instru- 
ments of small dispersion. If the dispersion 
is large the whole spectrum cannot be seen 
in the field of view at once. In a convenient 
form of instmment made by Hilgor the sht 
can bo moved across tbo end of the tube by a 
tangent screw. By this means different parts 
of the spectrum can be brought to the centre 
of the field of view, which is marked by a 
pointer. 

Larger and more ambitious types of direct- 
vision spectroscope can bo obtained ; but 
for anything except the roughest of purposes 
it is bettor to employ — 

§ (20) The Hilgeb Constant Deviation 
S i’EOTEOScoPE. — Tliis is an exceptionally con- 
venient instrument for general laboratory use. 
Fig. 25 (a) is a diagrammatic plan. The colli- 
mator C and tolosooioc T are permanently fixed 
at right angles to each other. The prism P 
is clamped to a table which may be rotated 
through a small angle by means of a tangent 
screw. The nut in which the tangent screw 
works is attaolied to the fixed part of the 
stand, and its movement is registered by a 
drum D with spiral scale. TJio special feature 
is the prism, which can bo regarded as built 
up of three prisms arranged as shown in Fig. 
25 (5). If a ray of light is incident at such an 



angle on AB that it is refracted parallel to 
BC it will 1)0 parallel to BA after internal 
reflection at the hypotenuse face of the 45° 
prism CED. It is therefore incident on AD 
with an angle of incidence equal to the angle 




01 reiraction ai: £s.x>, ana so einorges irum uiu 
prism at an angle, e, which is equal to the angle 
of incidence i. Since DAB =90° and i=e, 
the incident and emergent rays are at right 
angles. But we may regard ACB and ADE 
as tvTO halves of a C0° prism, so that a ray 
which travels parallel to BC and EA suffers 
minimum refraction.^ This applies to any 
ray which traverses the prism and emerges 
at 90° to its initial direction. Clearly the 
shorter the wave-length, and, consequently, 
the greater the refractive index of the prism, 
the greater the angle i will have to bo in order 
that the refracted ray should be parallel to 
BO. Thus as the prism is rotated by the 
tangent screw, thereby altering the angle of 
incidence of the beam from the collimator, 
the spectrum will pass across the field of 
view, each wave-length being at minimum 
deviation, in the restricted sense indicated in 
the footnote, at the moment when it occupies 
the centre of the field. 

The advantages of this instrument over an 
ordinary 60° prism spectroscope are, firstly, 
that both telescope and collimator being fixed 
extreme rigidity and permanence of adjust- 
ment are obtained ; and, secondly, no readjust- 
ments of the prism are necessary in order to 
get minimum deviation for all measurements. 
The drum is graduated to read wave-lengths 
directly ; and all that is necessary is to adjust 
the oi’oss-lines of the eyepiece occasionally so 
as to make the instrument read correctly for 
some known wave-length. 

§ (21) Monoohromatio Illuminators. — ^I tis 
frequently necessary to obtain monochromatic 
light, either from a source giving a continuous 
spectrum, or by isolating a particular line in 
a line spectrum. Any spectroscope can be 
used for this. It is only necessary to replace 
the eyepiece by a second slit in the position 
normally occupied by the cross-lines. If the 
collimator sbt is illuminated by white light, 
or light containing more than one spectrum 
line, the light which passes through the 
second slit can only contain the wave-length 
of that part of the spectrum which falls on 
it. Either the direct vision spectroscope 
described above, or the constant deviation 
spectroscope, make excellent monochromatic 
illuminators. The former is particularly suit- 
able for separating the green line of the 
mercury spectrum from the other lines. If 
the slit widths are chosen as wide as possible 
without including any of the nearest yellow 
line, the resulting illumination is very bright, 
and .suitable for such purposes as polarimetry 

* The total deviation, which is duo not only to 
refraction but to rcdection at DC, is never a minimum. 
It is only the portion due to refraction that has a 
minimum value ; but under these conditions the 
magnification is unity, as in the case of a 00“ prism 
at minimum deviation. It is only in this restricted 
sense that the term minimum deviation can be 
employed in connection with tliis Instrument. 
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Avith white light greater dispersion than that 
of the direct - vision instrument is required, 
and the constant - deviation spectroscope is 
better. Hilger makes a siiccial form of the 
instrument for use as a monochromatic 
illuminator. The telescopes are shorter and 
of larger aperture, thus securing a greater 
amount of light, and both slits open sym- 
metrically. On account of the fixed direction 
of the emergent beam, tlie Hilger instrument 
is specially suitable for jAurposes in which it 
may be necessary to vary the wave-length 
during an experiment. The importance of 
being able to do this will be realised in reading 
the article on Immersion Refractometry. 

There is one precaution which must be 
borne in mind in using monochromatic 
illuminators for Avork, such as polarimetry, 
in which complete exclusion of other wave- 
lengths is essential. There is always a 
proportion of the light which passes through 
any spectroscopic system scattered irregularly 
at the surfaces of the lenses and prisms, and 
even Avithin the material. This is due to 
imperfect polishing, minute air-bubbles, and 
to any dust particles that may bo present. 
Some of ' the scattered light, which contains 
all Avave-lengths present in the light from the 
source, passes through the slit in addition to 
the rays Avhioh are properly focussed there. 
Thus, in separating the green lino of mercury, 
if the light from the monochromatic illuminator 
is examined by another spectroscope it will 
be found to contain an appreciable quantity 
of the yellow and blue radiations. For most 
purposes this is immaterial, but for polarimetry 
it is fatal, on account of the rapid variation 
of optical rotations with wave-length. It is 
necessary in this case to pass the light from 
the first illuminator through a second, which 
reduces the scattered residuum to a negligible 
amount. j. q.. 

SPECTROSCOPY, MODERN 

§ (1) Apparatus and Methods op Observa- 
tion. — In the classical researches of Bunsen 
and Kirchoff, one of the chief functions of 
the spectroscope appeared to lie in its use 
as a tool in chemical analysis and in the 
discovery of new elements, and indeed it 
may be said that many of the chemical 
elements would probably not have been 
detected or isolated without the help of the 
spectroscope. In addition to the spoctro- 
soopio detection of oloraonts, by examination 
of the radiations which they emit when in 
the state of luminous gases, the spectroscope 
has proved of signal service in the identifi- 
cation of compounds, particularly in organic 
chemistry, by observation of the radiations 
which they absorb, either in a pure state or 


I'ivcul (UHaoivtHi in ai)proj)nato aolvonts. At 
ho prosent tiiuo, however, the main uses of 
lio spoctroHeoi)a are in its application to 
(lijaioal prohleins, in wludi it has proved ono 
f tho most powerful methods of attack in 
aany widely dilTering holds of investigation, 
n its simplest form tho spoctroscopo consists 
ssentially of a slit on which tho imago of a 
.iminous soiirco is projected, the rays which 
ravorso the slit being made parallel by moans 
f a Ions, known as tho collimating Ions, and 
fter passing through tho dispoi'sing system, 
onsisting of ono or more prisms, being brought 
) a focus by moans of a toloscopo Ions, tho 
[joctrum being either obsorved visually with 
n oyepLeoo or recorded perraanontly on a 
hotogra[)hio plato. This simple system forms 
iQ basis on wliioh tho modem spoctromotcr has 
eon developed, and can bo used in this form 
)r iirolimiuary visual observation and approxi- 
lato moasuromont of wavo-longths. In rocont 
oars, however, visual observations have boon 
[most entirely supoi’sodod by photographic 
lethoda, ft>r the latter have numwous advan- 
iges both in regard to aoouracy of moasuro- 
umt, tho range of wave-lengths which can 
a roeordotl, and owing to tho fact that a 
)nHiderablo portion of tho siieotrum can bo 
liotographed at tho same time on tho plato, 
uxs obviating tho instrumental displaoo- 
lonts which ar(j liable to ocour when oon- 
icntive moasuromonts aro made. Rpoctro- 
•aphs wore formerly ilesigned with trains of 
dsms of relatively small aperture and lonsos 
: short focal length, but in rocont years there 
IS boon a tendoney towards singlo prism 
strumonts of largo a])erlaire, tho required 
Hjiorsion being obtained by tho use of lonsos 
' greater fooal length. In tho design of all 
ifins of spectrograph, rigidity of all tho parts 
an essential feature, since exposures often 
ctonding over many hours have to bo made, 
icl any displacement of tho apparatus would 
vo rise to seiious errors in moasuromont or 
SH of (lollnitlon. In designing a spectrograph 
r a particular purpose it is generally necessary 
I arrive at some corniiromiso between dis- 
irsion and light-gatluiring power, tho fomor 
itributo being essential for tho accurate 
stormination of wave-lengths and tho latter 
r recording faint spoetra wliic.h would require 
ipraotieably long exposures with an instru- 
ent of low light-gathering power. For tho 
leurato dotermination of wave-lengths either 
meave gratings or plane gratings mounted 
ith .lenses of long focus are to bo preferred, 
lough good residts can bo obtained with 
ism instruments of adequate dispersion. 
:>»* tho photography of faint spectra it is 
ton OHsentinl to use ])riBms of largo apori.uro 
id lenses of relatively short fooal length with 
eonseqnont sacriflee of dispersion. For tho 
siblo spoctnim and the ultra-violet spectrum 


down to about 3(500 A. the lenses and prisms 
aro usually made of glass, hut for the more 
refrangible rays down to 1800 A. both lenses 
and prisms are made of quartz, since glass is 
opaque to these radiations. In the latter case 
tho quartz prisms aro made up of two halves of 
right- and left-handod quartz respectively, and 
tho collimating and camera lens arc also made 
of right- and left-hand quartz in order to oh- 
viato tho doubling of tho image which would 
otherwise occur. An instrument which is 
now widely used and which has many advan- 
tages is known as tho Littrow sjjoctrograpli. 
This mounting, in which tho principle of auto- 
collimation is used, is apfilicable both to grat- 
ings and prisms and is essentially similar to 
the Ahl)6 spectrometer. In tho determination 
of wave-lengths a spectrum containing a 
sufficient number of lines of known wave- 
lengths is photographed in juxtaposition to or 
superposed on tho spectrum to bo measured. 
Tho wayo-longths of tho unknown linos aro 
dotormined by measurement of their positions 
with roapoct to the standard lines and subse- 
quent reduction by appropriate formulae. In 
all aoourato work the utmost care must be 
taken to ensure correct sujierposition of tho 
spectra and to guard against instrumental 
displacoment between suecessivo exposures. A 
groat deal of attention has been paid to tho 
photographic idatos used for spcctroscopio 
purjiosos, and whereas ordinary plates aro 
insensitive to wave-lengths greater than about 
6000 A. it is now possible to obtain plates 
which have been bathed in aiipropriato dyes 
wliioh render them sensitive as far as the 
extreme visible rod, and by tho use of dicyanino 
batlied (1) plates it has recently been found 
possible to extend tho sensibility of the photo- 
grapbio jilato to about 9(500 A. In the regions 
of shorter wave-length tho ordinary plato is 
sensitive to about 2000 A., but beyond this 
limit its sensibility falls off rapidly owing to 
tho absoriition of tho more refrangible rays 
by tlic golatino of the plate. Plates are now 
made on a oommorcial scalo in which this 
difficulty is overoomo by following tho sjiceial 
methods of preparation devised by Schumann 
(2), in which tho golatino is reduced to a mini- 
mum, and such iilates have recently been used 
successfully by Millikan down to - a wave- 
length of 300 A. It should bo mentioned that 
a number of special methods, notably that of 
Abney (3), have been devised for tho puiposo 
of extending the sensibility of pliotographic 
plates into tlio infra-red, but the technique 
of those methods is oxcoedingly difficult and 
laborious and they have not come into general 
use. In speotrographs in which lenses of 
singlo material (not achromatic lenses) are 
used, it is necoasary to incline the plato, so that 
tho rays do not fall on tho plato at an angle 
perpendicular to its surface, and in .such cases 
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used to eliminate the reflection from the back 
of the plate, though it is desirable to use 
backed plates in all cases in which the most 
critical definition is required. For the photo- 
graphy of the ultra-violet regions below 1800 
A. it is necessary to use specially designed 
spectrographs from which the air can be 
exhausted or which are filled with pure 
helium, since air absorbs these radiations 
strongly. For the examination of the infra- 
red regions of the spectrum which are beyond 
the range of sensibility of photographic plates 
special spectrometers are used. In these 
instruments glass must be eliminated and 
either gratings, or prisms of rock-salt or sylvin, 
are used. Lenses are usually replaced in 
these instruments by concave reflectors of 
metal, and a second slit is placed at the focus 
of the telescope reflector. Radiations which 
traverse this second slit are detected and their 
intensity is measured by means of a thermo- 
pile or a bolometer which is fixed behind the 
slit. 

§ (2) CLASSiFiaATiON OF Speotra.— Lumin- 
ous spectra can be divided into two classes, 
namely continuous spectra, which result from 
the radiation of heated solids, and discontinu- 
ous spectra, which are in general peculiar to 
luminous gases, though in some oases con- 
tinuous spectra can bo observed from luminous 
gases, and solids may under certain conditions 
give rise to spectra which cannot be described 
as continuous. Discontinuous spectra may 
be subdivided into line and band spectra, 
the former consisting of lines distributed at 
intervals through the spectrum in a manner 
in which certain mathematical relations can 
frequently be found, though the existence of 
such relations is not immediately apparent ; 
band spectra usually consist of complex 
groups of lines arranged in a manner in which 
some regularity is obvious, these groups 
repeating themselves at intervals in the 
spectrum. The regularities in these two 
classes of spectra are discussed in a later 
section. 

§ (3) The Proextotion of a Spectrum. 
(i.) Flame Spectra . — One of the most striking 
phenomena in spectroscopy is to be found in 
the variation in the spectrum of an element 
under diflierent conditions of excitation. The 
spectrum of substances introduced into the 
Bunsen flame consists generally of a certain 
number of lines due to the element together 
with bands duo to compounds of the element 
with oxygen or with other elements with 
which it has been introduced into the flame. 
Thus in a spectrum of calcium chloride intro- 
duced into the Bunsen flame we have, in 
addition to the characteristic flame lines of 
the element, bands due to calcium oxide and 
other bands due to calcium chloride, the 


similar as regards the lines and oxide bands 
but showing bands peculiar to calcium bromide 
in place of those due to calcium chloride. The 
efficacy of flames, as a method of producing 
spectra, can be greatly enhanced by introducing 
the substances in a finely divided state, most 
conveniently in the form of a spray (4), but 
the method is in general limited to the more 
volatile elements. 

(ii.) Arc Spectra. — The spectra of less 
volatile elements can be conveniently pro- 
duced by burning an electric arc between 
poles of a metal under investigation or between 
carbon poles impregnated or filled with the 
substance in the case of non-metallic bodies. 
When the arc burns between metallic poles 
the spectrum is found to consist of lines due 
to the element and sometimes also of bands 
duo to the oxide ; but in the case of sub- 
stances introduced into the carbon arc there 
are a vast number of lines duo to impurities 
in the carbon polos and bands which are 
attributed to cyanogen and other carbon 
compounds. The number of Imes exhibited 
by different elements under these conditions 
varies widely, as also does the quantity of 
an element necessary for the appeai’ance of 
its spectrum. The distribution of intensity 
amongst the lines in the spectrum of a given 
element depends also on the density of the 
radiating vapour, and it is found that the last 
lines to disappear from the spectrum when the 
quantity of a substance in the arc is gradually 
reduced are not necessarily the fines which 
are strongest when the density of vapour in 
the arc is greater (5). The recognition of the 
last fines to disappear under these conditions 
is, of course, a matter of importance for the 
detection of small quantities of a substance 
which is present as an impurity. The electric 
arc, burning between iron poles, is a source 
of radiation of great importance in spoctro- 
scopy, since its spectrum contains the fines 
selected as the international secondary stand- 
ards of wave-length, and a special form of the 
iron arc, duo to Pfund (0), has been chosen as 
the standard iron arc for this purpose on 
aooount of the fineness of the iron linos which 
it yields. Arc spectra generally contain, in 
addition to the “ arc fines ” proper, the lines 
characteristic of the flame siJcotrum and also a 
certain number of linos which belong more 
appropriately to the spai’k spectrum. A 
number of interesting changes occur when the 
arc is burnt in vacuo. Under those con- 
ditions the spark fines, which are relatively 
feeble in air, are greatly enhanced, and the 
oxide bands disappear and are often replaced 
by bands usually attributed to hydrides. The 
arc in vacuo thus represents a transition stage 
between the arc in air and the spark spectrum, 
and it has the advantage that the spark fines 


are exceedingly narrow and therefore capable 
of measurement with a high degree of precision, 
which is unobtainable in spectra of condensed 
spark discharges, in which the spark lines, 
though relatively stronger in so far as their 
energy content is concerned, are so diffuse 
as to be unsuitable for measurement. 

(iii.) Spark Spectra . — striking change in 
the spectra of most substances is found when 
the arc spectrum is compared with the spec- 
trum obtained when high potential discharges 
from an induction coil or transformer are 
allowed to pass between poles of the sub- 
stance under investigation. With discharges 
obtained without the use of a condenser the 
spectrum consists mainly of bands due to 
air with feeble metallic hnes in the neighbour- 
hood of the poles, but when a condensed 
discharge is employed the spark spectra of 
the poles are obtained together with the 
characteristic spark hnes due to the nitrogen 
and oxygen of » the air. Whilst the latter 
lines extend uniformly across the spark gap 
the lines due to the j)oles are strongest in the 
immediate neighbourhood of the poles and 
extend to varying distances across the spark 
gap (7). Both arc and spark hnes are present, 
the latter being greatly enhanced in intensity, 
and being in many cases found only in the 
immediate neighbourhood of the poles, wliilst 
the arc hnes extend to a considerable distance 
between the poles or right across the gap. 
The hnes which extend furthest across the 
gap are precisely those hnes which are the last 
lines to disappear when the amount of the 
substance in an electric arc is gradually 
reduced. The spark hnes themselves extend 
to varying distances across the gap and can 
thus be classified into different groups. A 
remarkable change is observed when the period 
of the condenser is increased by the introduc- 
tion of a self-induction coil in the circuit (8). 
Under these conditions the air hnes disappear 
from the spectrum, which in other respects 
approximates closely to that of the electric 
arc, only the “ longest ” of the spark hnes 
being visible in the immediate neighbourhood 
of the poles. The temperature of the poles 
also exerts an influence on the spectrum, the 
effect of coohng being in general to enhance 
relatively the intensity of the spark hnes. 

(iv.) T 2 ibe Spectra. — Gases can beat be 
excited to luminosity by the use of vacuum 
tubes. Such tubes generaUy consist of two 
glass bulbs connected by a length of capihary 
tubing, each bulb being provided with an 
electrode which is usuaUy made of aluminium. 
The tubes contain the gases to be investigated 
at relatively low pressures, generally in the 
neighbourhood of a few mm. of mercury, 
and can be excited by means of an induction 
coil or transformer. The preparation and 
filhng of these tubes require a great deal of 


care, as the spectrum of the substance which 
it is desired to examine is often masked by 
impurities, notably compounds of carbon, 
with which the glass tube and the electrodes 
are frequently contaminatod. In preparing 
these tubes they are usually exhausted to a 
very high vacuum, and there are several 
methods by which the desired gas can then be 
admitted into the tube in a sufficiently pure 
state, but special methods are usually required 
for different gases. As in the case of the 
spectra of spark discharges between metallic 
poles, the spectra of gases in vacuum tubes 
can be profoundly modified by the introduc- 
tion of a condenser and spark gap into the 
electrical circuit. Nitrogen, for example, 
shows with an uncondensed discharge two 
band spectra, one of which is known as the 
negative band spectrum, and which appears in 
. the neighbourhood of the cathode, whilst the 
other, the positive band spectrum, is brightest 
in the capillary portions of the tube. When 
the condenser and spark gap are introduced 
into the circuit the two band spectra disappear 
and are replaced by a bright line spectrum, 
which is the spark spectrum of nitrogen. 
This spectrum is itsefl capable of further 
modification, for when more powerful spark 
discharges are employed certain of the lines 
are relatively enhanced. With these powerful 
condensed discharges, it is usual to find lines 
due to the constituents of the glass walls of 
the capillary. A very striking example of 
the change due to the introduction of the 
condenser and spark gap is afforded by the 
rare gas argon, which with the uncondensed 
discharge glows with a red light, which changes 
to a bright blue when the condensed discharge 
is used. In addition to spectra due to pure 
substances, it is common to find in vacuum 
tubes bands due to compounds. A large 
number of different tjqjes of vacuum tube 
have been designed for different purposes. 
For the investigation of the ultra-violet it is 
necessary to use tubes of fused sihea, or glass 
tubes provided with a quartz window. For 
the investigation of some substances, e.ff. 
inetalKo cadmium, which are not volatile at 
ordinary temperatures, it is possible to obtain 
satisfactory results by raising the temperature 
of the vacuum tube. In tubes containing 
mixtures of gases it frequently occurs that 
the gas which is present in smaller quantity 
dominates the spectrum, though it is often 
possible to reverse this state of affairs by a 
change in the conditions of electrical excita- 
tion. Thus in a mixture of helium and argon 
a small quantity of argon is sufficient to mask 
the helium spectrum when an uncondensed 
discharge is used, although the helium lines 
appear brightly when a condensed discharge 
is employed. Some gases are decomposed 
by the passage of the electric discharge, and 
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continuous flow of the gas tlirough the tube 
so that the products of decomposition are 
carried away. Changes in the spectrum of 
gases in vacuum tubes can also be brought 
about by changes in the pressure in the tube, 
and by the presence of impurities. Some of 
these changes are very striking and can be 
observed without difficulty, Avhilst others are 
discovered only when photometric measure- 
ments arc made of the relative intensities of 
the lines. 

(v.) Other Methoda of Production. — ^Interest- 
ing results have been obtained by examining 
the spectra of substances at very high tempera- 
tures by enclosing them in graphite tubes 
heated by the passage of a very powerful 
electric current (9). In such cases the 
luminosity is probably due to temperature 
alone, but it resembles in general the spectra 
from electric arcs, although at the highest 
temperatures available a certain number of 
spark lines can bo observed. In recent years 
attention has been paid to the spectra of 
fluorescent substances (10). In the case of 
solids and liquids, the spectrum usually 
consists of broad and somewhat indefinite 
bands, but in the case of fluorescent vapours 
the spectra are discontinuous and often 
exceedingly complex, the spectrum depending 
on the nature of the exciting light. 

§ (4) Estimates of Intensity. — In record- 
ing a spectrum it is usual to give, in addition 
to the wave-lengths of the lines, an estimate 
of their intensities and an indication of any 
peculiar characteristics which they show. 
Thus, in a given spectrum some lines may 
appear perfectly sharp, whilst others are 
diffuse, either uniformly or in the direction 
of longer or shorter wave-length. It is usual 
to express intensities on an arbitrary scale 
from 0 to 10, the strongest lines being desig- 
nated 10, whilst those which are just visible 
are given as intensity 0. This procedure, 
whether by direct visual observations or from 
photographic plates, is very inaccurate and 
is subject to considerable personal error on 
the part of the observer. In the infra-red 
regions of the spectrum where the thermopile 
or bolometer are used, the intensities can be 
quantitatively measured, and methods have 
been introduced recently by which quantitative 
measurements can also bo made photographic- 
ally in the visible and ultra-violet portions of 
the spectrum (11). 

§ (6) Doppler’s Principle. — There are a 
number of phenomena in spectroscopy which 
depend on the application of Doppler’s prin- 
ciple. According to this principle a small 
change in the wave-length of a line is found 
when the observer or the source of radia- 
tion is in motion. If \ is the wave-length 
observed when both the observer and the 


the observer and b that of the source in the 
line of sight, V being the velocity of light, 
then X, the observed wave-length when the 
observer or source is in motion, is given by 
the equation 
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the upper sign being used in the case of 
approach. 

Thus, if the displacement of a lino is 
measured, the velocity of tiie moving source 
relative to the observer can be determined. 
This has been applied to the determination 
of the velocity of the positive rays in hydrogen 
and other gases (12). In such experiments, 
in addition to the displaced line, there is a 
Line in the undisplaced position, the latter 
bemg due to particles made luminfjus in the 
path of the positive rays, whilst the former 
is duo to the radiation of the moving particles 
themselves. According to the kinetic theory 
of gases the particles of a gas are in motion, 
and in consequence part of the radiation in a 
luminous gas will bo from particles which 
are approaching the observer, and some from 
particles which are receding. The result of 
this is that spectrum lines are never infinitely 
narrow, but are broadened according to a 
law which depends on the distribution of 
velocities in the gas. Those velocities are 
proportional to the square root of tho absolute 
temperature, and inversely proportional to the 
square root of the masses of tho radiating 
particles. According to tho kinetic theory 
the distribution of intensity in a lino which is 
broadened in this way follows a law of the 
form The width of a spectrum 

line is thus mathematically infinite, but it is 
usual to define it by tho “ half-width,” which 
is the value of x when y~\. Lord Rayleigh 
(1.3) has shown that if 5X is the “ half-width ” 
of a lino of wave-length X from a source at 
T° absolute, the masses of the radiating 
particles, in terms of that of the hydrogen 
atom, being m, 

^=3-67 X 10-7^-. 

X V m 


_This affords a means of determining the 
masses of the radiating particles in luminous 
gases if the temperature is known, or the 
relative masses hidcpendently of the tempera- 
ture in the case of mixtures of gases. By 
measuring the “ half -widths ” of the lines of 
the rare gases from vacuum tubes at ordinary 
temperatures, and when immersed in liquid 
air, it has been possible to show that the 
temperature of the radiating particles in a 
discharge tube is not appreciably greater 
than that of the walls of the tube, and that 
the measured “ half- widths ” of tho lines are 


in close agreement witn tne vames ueauceu 
on theoretical grounds (14). 

§ (6) Distribution of Intensity. — It has 
•been found possible to measure the actual 
distribution of intensity in the lines, and the 
results have been found to be in accordance 
with theory. Investigations of this kind 
require the use of spectroscopic apparatus of 
very high resolving power, far exceeding that 
of any prism instruments and barely within 
the capacity of the largest gratings. The 
instruments usually employed for investiga- 
tions, of this kind are the Michelson or Fabry 
and Perot interferometers, the Echelon 
diffraction grating, or the Lummer-Gehrcke 
plate (15). The method of measuring the 
widths of lines with the interferometer consists 
in gradually increasing the distance between 
the plates until the interference fringes vanish, 
the “ half-widths ” of the lines being deducible 
from the optical difference of path when this 
occurs (13). By somewhat different methods 
the Echelon and Lummer-Gehrcke plate may 
also be used for measurements of the widths 
of lines. These instruments are of great value 
in all cases in which phenomena depending 
on small changes or differences of wave-length 
are concerned, though the largest gratings 
can also be used. 

§ (7) The Zeeman Effect. — Amongst the 
phenomena included in this category may he 
mentioned the magnetic resolution of spectrum 
lines into components discovered by Zeeman 
in 1896 (16). Zeeman found that when a 
source of light is placed in a powerful magnetic 
field the lines are split up into components, 
some of wliich are polarised in a direction 
perpendicular to the magnetic field, whilst 
others are polarised parallel to the field, when 
the luminous source is observed transversely 
to the field. In the simplest case a fine 
observed transversely is spht up into three 
components, the outer components being 
polarised at right angles and the central com- 
ponent parallel to the lines of force. The 
separation of these two outer components is 
an important constant, from which the ratio 
of the electric charge to the mass of the elec- 
tron has been deduced. It is found that 
Zn = (AX/\’^H) X 10®, where AX is the separation 
of the outer components of a “ normal ” 
Zeeman triplet, X the wave-length, H the 
magnetic field, and Zn a constant wMoh, 
according to the most recent results, is equal 
to 9-385. When viewed along the lines of 
force the resolution in the simplest case is into 
two components of equal intensity which are 
circularly polarised in opposite directions. 
This simple case has been accounted for 
theoretically by Lorentz, but the phenomena 
are generally much more complex, many dif- 
ferent types of resolution being now recognised. 
•Jt has, however, been found that all lines 
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the same resolution, and corresponding Unes of 
different elements behave in the satne way. 
Runge has showm that in many cases these 
complex separations may be expressed as 
simple fractions of the separation of the 
normal Zeeman triplet, but there are many 
complex types which do not ap25ear to con- 
form with this rule. The phenomena are even 
more complicated in the case of certain linos 
which exhibit dissymmetries and shifts, and 
complex phenomena are frequently observed 
in the resolution of lines which are themselves 
close doubles. 

Many spectrum lines, when examined under 
a high resolving jK)wer, are found to possess 
a complex structure. This is most common 
in lin pa of the heavier elements, which are 
frequently accompanied by satellites. Certain 
regularities in the positions of these satellites 
have been observed, but their precise nature 
is not yet understood. 

§ (8) Variations of Wave-length. — It has 
been found that the wave-lengths of lines are 
in many cases affected by the pressure of gas 
in the luminous source. The change in wave- 
length observed is usually very small, even 
when very great ranges of pressure are em- 
ployed. These displacements ajipear to bo 
directly proportional to the pressure and vary 
for different lines and for different elements. 
They are independent of the partial pressure 
of the luminous gas, but depend only on the 
total pressure. Recent investigations have 
shown that the pressure effect is an exceed- 
ingly complex problem. 

It has been found that in electric arcs at 
atmospheric pressure minute changes of wave- 
length of some of the lines are to bo found 
in the neighbourhood of the poles. This 
phenomenon, which is known as the Pole 
effect, is distinct from the change in wave- 
length due to pressure, and is of fundamental 
importance in the choice of standards of wave- 
length. The exact nature of the phenomenon 
is at present not fully understood. 

Siiectroscopic ajjparatus of very high re- 
solving power is required in the investigation 
of the minute differences in wave-length which 
have been observed between the linos of the 
isotopes of lead. 

§ (9) The Stark Effect. — Stark dis- 
covered in 1913 (17) that when certain 
spectrum lines are emitted in strong electric 
fields they are resolved into components, 
which, as in the case of the Zeeman effect, 
are polarised in different pianos. This ]ihono- 
menon differs from the Zeeman effect in the 
fact that the resolution is not the same for 
lines of the same series, the separation and 
number of the components increasing with the 
term number, though, as in the case of the 
Zeeman effect, the polarisation and number 
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of the components depend on the direction 
with respect to the field in which the observa- 
tions are made. Stark’s method of investigat- 
ing the phenomenon was to observe the radia- 
tion of positive rays in a space between two 
metal plates which were kept at a suitable 
difference of potential in a specially designed 
vacuum tube, whilst Lo Surdo, who discovered 
the phenomenon independently at about the 
same time as Stark, found that the electric 
field in a vacuum tube in which the cathode 
was in a constricted part of the tube was great 
enough to exhibit the phenomenon. It has 
recently been found possible to investigate the 
electric resolution of the less volatile elements. 

In some cases the resolution is symmetrical, 
whilst in others there is a marked dissymmetry 
of the components, both as regards their 
position and intensity. Lines of the diffuse 
series are affected to a much greater extent 
than those of the principal and sharp series. 
Stark has pointed out that the broadening of 
si^ectrum lines which occurs when powerful 
electric discharges are used is greatest for 
those lines which exhibit the greatest electrical 
resolution, and has suggested that the broaden- 
ing in this case is due to the electric fields of 
neighbouring charged atoms on the radiating 
particles. Later investigations have confirmed 
this explanation of the broadening both quali- 
tatively and quantitatively. It should be 
pointed out that this broadening by j)owerful 
condensed discharges, and also the broadening 
which results from an increase of pressure, is 
distinct from and superposed on the broaden- 
ing which is due to the motions of the radiating 
particles m the line of sight. Whilst the latter 
effect imposes an inferior Umit to the widths 
of spectrum lines, the former conditions can 
be varied from a negligible effect to a state 
in which the lines broaden to an almost con- 
tinuous spectrum. 

§ (10) Spboteum: Sekies. (i.) Balmer . — It 
had been recognised for many years (18) that 
the lines in spectra were arranged in a manner 
which implied some definite relation between 
them, but the first successful representation 
of a series of lines was the formula of Balmer, 
which represents to a high degree of accuracy 
the chief series of linos in the spectrum of 
hydrogen. The word series is taken to mean 
a succession of lines the intervals between 
which become less from the red towards the 
violet and which degrade in intensity in the 
same direction. These series may consist of 
single lines, pairs or groups of more complex 
structure, and a spectrum usually comprises 
a number of such series. In the simplest 
case, that of hydrogen, Balmer expressed the 
wave-lengths of the lines (in reality complex 
bnes) by the formula 

\=3646d4-^^, 

-4 


where m takes a series of integral values 3, 4, 
6, etc. The series therefore converges to a 
limit at X = 3646T4, but the limit of a series 
is never observed owing to the rapid degrada- 
tion in the intensities of the lines, though in 
the case of hydrogen upwards of 30 members 
of the series have been observed in the chromo- 
sphere of the sun. In all the more recent 
work on spectrum series it has been found 
convenient to express the results in terms of 
the wave number, which is the reciprocal of 
the wave-length or the number of waves per 
centimetre. In terms of the wave number 
Balmer’s formula reduces to 


w=27418-75 
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(ii.) Rydberg, Kayser and Bunge . — Further 
regularities in spectra were recognised in the 
classical work of Rydberg and of Kayser and 
Runge. These investigators recognised the 
existence of three chief types of series which 
are now known (following Rydberg) as the 
Principal, Sharp, and Diffuse series, which are 
abbreviated P, S, and D respectively. Kayser 
and Runge expressed the wave numbers of 
the lines of series by the formula 


n = A ~ Bm“ ^ - Cm~S 


where A, B, and C are constants, A being 
the limit of the series; but this method of 
representing the series is inferior to that of 
Rydberg, which not only expressed with suc- 
cess the wave numbers of the individual Lines of 
series, but brought out the relation between the 
different series. Rydberg employed the formula 
N 

where is the limit of the series, /j. a eonstant 
peculiar to the series, and N the “ universal 
constant,” which is equal on Rowland’s scale of 
wave-lengths to 109676, m taking successive in- 
tegral values. A recent investigation of Curtis, 
in which the lines of the Balmer series of hydro- 
gen were remeasured with great precision, has 
shown that on the international scale of wave- 
lengths the value N = 109678-3 should be 
adopted. This “ constant ” is nearly the same 
for all series and all elements, and its inter- 
pretation in the light of the quantum theory 
is one of the most striking achievements of 
modern theoretical physics. The P, S, and 
D series differ physically in many important 
characteristics. Thus, of the three series, the 
P series, which usually contains the most 
prominent lines in the spectrum, shows the 
phenomenon of reversal most readily ; in the 
S series, as its name implies, the lines are sharp 
under most conditions and are seldom reversed ; 
whilst the lines of the D series are usually 
diffuse, and undergo a greater resolution in 
the electric field than the lines of the other 
series. Rydberg and Schuster discovered in- 



dirferenoe between the limit of the P series 
and that of the S series is equal to the wave- 
number of the first P line. The relations 
discovered by Rydberg can be seen from the 
following formulae, which represent the wave- 
numbers for the three series in the case in 
which each component of the series is a pair. 
Writing p, s, and d for the values of ^ in the 
P, S, and D series respectively, and noting that 
the limit of the series in the simple Rydberg 
formula can be written in the form N/(toh-^) 2, 
we have 

P series, 

Wa=N 

S series, 

W2=N 

J) series. 


(A L.. ^ 

\(l-l-s)2 {m + p^yj 


1 


il+ihV 

(m-i-s)V’ 

' 1 

- ^ - "l 

.{1 + 351)““ 

(m- 1 - s)V 

' 1 

1 \ 


{m+ dyj 

' 1 

_ 1 \ 


L__' 

\(1 + Pi)® 


in each case denoting the member of the 
jiair of greater wave-number. The following 
important facts emerge from those relations : 

(1) The 8 and D series converge tp the same 
limit, but the separation of the components of 
the pairs remains constant. 

(2) In the P series the separation of the 
components of the pairs dooroasos with the 
term number, converging to a common limit. 

(3) If the more refrangible member of the 
pair is the stronger in tlio P series, the less 
refrangible member wall bo the stronger in the 
8 and D series. 

(iil.) fiitz mid IJicJcs . — Those relations are 
probably oxaot, though the wave-numbers 
of the individual linos of series may be more 
accurately roi)rosontod by the formulae of 
Ritz and Hiolcs. The formula of Ritz may 
bo written approximately 

, N 

” (m + M + (a/ma))a’ 


while Hicks iinds that the most accurate 
representation of the wave-number is given by 

Tn the Ritz formula m takes integral values 
for the P and 1) series, but in tlio 8 series 
it assumes the values 2'6, 3-5, 4'f), etc. In 
the Ritz and llioks formulae the values of 


by the symbols pir,sa-,dd respectively, and the 
relations between the series can bo conveniently 
expressed by adopting the abbreviated forms 
due to Pasclien, who writes, for exami^le, 
mp, 7)is, and md, for the variable parts of the 
P, 8, and D series j similarly Ip denotes the 
common limit of the 8 and I) series. Similar 
relations to those given above are found in 
the case of series consisting of triplets. The 
above formulae require some amiolification 
in the case of series which have satellites 
associated wnth the D series. It wdll be seen 
that every lino in the scheme given above is 
represented as the difference between two 
wave-numbers, one of which is the limit of 
the series, and Ritz’s important combination 
principle states that lines are often observed 
which can ho represented by combining these 
wave-numbers in different ways. Thus in 
certain “ combination ” series, as they are 
called, the wave-numbers are equal to the 
differences between other observed wave- 
numbers. The validity of the combination 
principle has been established by the 
recognition of a groat number of combination 
series. Of these combination series the most 
important is known as the fundamental or 
P series, the wave-numbers of which can bo 
expressed, in Paschen’s notation, as np = 2d- mf. 
Ritz has suggested another representation of 
tills series, hut this does not appear to ho fully 
established. The spectra of elements in the 
same group in the periodic table are similar, the 
separation of doublets or triplets being roughly 
proportional to the squares of the atomic 
weights. 

§ (11) Arc and Spakk Spectra (Fowler). — 
In a previous paragraph the terms arc and 
spark spectra wore used to denote the linos 
wliich wore relatively stronger in the spectra of 
oloctrio arcs and spark discharges respectively. 
These terms have now assumed a new and 
more fundamental signilicanco in the light of 
the important work of Fowler (19) on series 
in spark spectra. The fundamental difCerenoo 
in the spark and arc series lies in the fact that 
the “ universal constant ’’ N in the series 
formula is replaced by 41!^ in spark series, 
which is in accordance with recent theoretical 
investigations on the origin of spectra. The 
case of magnesium may bo cited as an example. 
In the spectrum of this element there is a 
complete sot of are series with tlio “ univemal 
constant ” equal to N, comprising a triplet 
system and a single line system, and also a 
pair system of spark lines in which the N is 
replaced by 411. Both those sots of series are 
accompanied by combination series. These 
results are of fundamental importance in 
recent work on the origin of spectra in relation 
to atomic structure, but their discussion is 
boyond the scope of the present article. 
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regularities is very apparent in the case of 
band spectra. Bands, which are usually 
associated with the spectra of compounds or 
molecules, consist of groups of lines wliich 
converge to definite heads, the head of a band 
being frequently, but by no means invariably, 
the strongest fine in the band. These bands 
may be degraded either towards the red or 
towards the violet, and a lai’go number of the 
lines composing them can often be enumerated, 
and bands of similar structure recur at intervals 
ill the spectrum. Deslandres lias shown that 
the wave - numbers of the lines comjiosing 
bands may be expressed by a formula of the 
type n = A + Bm®, where A is the wave-number 
' of the head of the band, B a constant, and m 
takes a series of integral values 1, 2, 3, etc. 
In the same way it has been shown that the 
heads of the different bands may be arranged 
in series by a similar formula. The two 
formulae may be united into one, so that the 
complete representation of the lines in a series 
of bands is given by 

n=AZ®-l-Bm®-l-C, 

where A, B, and C are constants and I and m 
are integers. These formulae are only approxi- 
mate, and a number of more complex modifica- 
tions have been proposed ; but in the absence 
of any theoretical knowledge as to the origin 
of band spectra, it may be considered doubtful 
whether they are to be regarded as having 
greater significance than jmre interpolation 
formulae. Band spectra are often exceedingly 
complex, several series frequently converging 
to the same head, and those different com- 
ponent series may show variations in their 
relative intensities under different physical 
conditions of excitation. Fowler (20) has 
recently observed a new typo of band series 
associated with the spectrum of helium. In 
these bands the individual lines composing 
the bands are arranged in a manner which can 
be expressed approximately by Doslandres’ 
formula, whilst the heads of the bands are 
arranged in series resembling those found in 
line spectra. T E M 

Ubphrbnces 

■Reference may ho made to the following works on 
Spectroscopy, to which the numbered references 
given below arc supplementary : 

Tlandbuch der SveUroscopw, H. Kaysor (Hirzel, 
Leipzig) ; Spectroscopy, Baly (Longmans, arecn & 
Co., 1912), 

1. Meggers, Astrophys. Journ., 1018, xlvil. 1. 

_ 2. Lyman, The Spectroscopy of the Extreme Ultra- 
violet, 1914 (Longmans, Croon & (!o.). 

3. Phil. Trans., 1880, clxxl. .503. 

4. Gony, Ann. Chim. et Phys., 1870, xvlll. 5. 

5. Of. Pollok, Practical Spectrographie Analysis. 

0. Astrophys. Journ., 1008, xxvii. 290. 

7. Schenck, Astrophys. Journ., 1001, xlv. 116. 

8. Schuster and Hcmsalech, Phil. Trans., A, 1000, 
cxciii. 189. 

9. 'Kin^, Astrophys. Journ., 1008, xxvll. 353, and 
numerous later papers in Astrophys, Journ. 


11. Phil. Trans., A, 1017, eexvii. 237; Proc. li.S., 
A, 1921, xci.x. 78. 

12. .T. ,1. Thomson, Pays of Positive Electricity, 

1913 (Macmillan). ' 

13. Phil. Mag., 1015, clxx. 274. 

14. Buissou and Fabry, Journ. do Physitpae, 1912, 
ii. 442. 

15. Gehrckc, Amcendung der Tnterferenzen, 1000. 

10. Zeeman, Magneto-optics, 1913 (Macmillan). 

17. EleUrische . Spcctralunalyse, 1914 (Hirzel, 
Leipzig), 

18. Fowler, Report on Spectrum Series, Physical 
Society Publication. 

19. Bakeriaii Lecture, Phil. Trans., 1914, ccxiv. 
225. 

20. Proc. Roy. Soc., A, 1915, xci. 208. 


Spectrum : the arrangement of radiant 
energy in order of wave-length or fre- 
quency. See “ Spectrophotometry,” § (2). 
Arc, the production of an. See “ Spectro- 
scojiy. Modern,” § (3) (ii.). 

Flame, the production of a. See ilnd. § (3) (i.). 
Spark, the production of a. See ibid. § (3) 
(hi.). 

Tube, the Production of a. See ibid. § (3) 
(iv.). 

Spectrum Theory, ap])lication of quantum 
theory to. See “ Quantum TJioory,” § (7). 

Spherical Aberration : a defect of an 
optical system in which the focal length 
varies for different zones of the aperture. 
See “ Microscope, Optica of the,” § (5) ; 
“ Telescoiie,” § (3) ; “ Optical Calcula- 
tions ” ; “Lens Systems, Aberrations of.” 
In telescopes. See “ Telescope,” § (3), 
Investigated by Foucault’s oinginal knife- 
edge method. See “ Optical Parts, The 
Working of,” § (3) (ii.). 

Measurement of. See “ Camera Lenses, 
Testing of,” § (2) ; “ Tolesoopo,” § (5). 

Of eye. See “ Eye,” § (24). 

Physical aspect of. See “ Miorosoopo, 
Optics of the,” § (7). 

Sphbrombter : an instrument for measuring 
the curvature of the surfaces of lenses and 
mirrors. See “ Spherometry,” §§ (1) to (6). 


SPHEROMETRY 

§ (1) In the following paragraphs methods 
will be described Avhich are suitable for the 
determination of the curvatures of the surfaces 
of lenses and mirrors. Only these arrange- 
ments will be treated which are of general 
applicability, and which will ho found useful 
in determining the structural data of optical 
instruments. A complete compendium of all 
the arrangements emjiloyod by different ex- 
perimenters Avould ho quite beyond tlio apace 
at our disposal ; but the methods described 
will be found to cover satisfactorily the whole 
range of curvature encountered in practice, 


microscope objective to the long radii of nearly 
flat surfaces. 


I. Mechanical Methods 



§ (2) The Simi’le Spherometer. — For 
medium curvatures, provided the diameter 
^ of the surface is 

reasonably large, 
the determina- 
tion of curvature 
is most easily 
performed with 
a spherometer. 
The simplest 
form of sphoro- 
motor is shown 
in Fig. 1. Three 
rigid legs, ter- 
minating in 
points a, b, and 
c, are attaoliod 
to a stout plate. 
Through the 
centre of the 
plate passes a micrometer sorow, also terminat- 
ing in a point d. 

The three jiuints a, h, and c. aro at the corners 
of an ocpulatoral triangle, and d is equidistant 
from each of them. If the spherometer rests 
on a plane surface and d is screwed down so 
as just to touoh the surface, the reading of the 
micrometer corresponding to zero curvature is 
obtained. If the instrument re.st8 on a curved 
surface, and d is adjusted to make contact, the 
difforonoe be- 
tween the miero- 
motor reading and 
that correspond- 
ing to zero curva- 
ture is a measure 
of the curvature. 
Suppose this 
difference is h, 
and that the 
radius of the 
oirolo on which 
the throe fixed 
foot lie is p. In 
Fig. 2, da~h and 
oh ( = 60 = m) == p. 
From tho geo- 
metry of tho flguro cd x ej^~eb^, i.e. h{2r-h)~p\ 
where r is tho radius of the spherical surface. 
Therefore „ , 

’■ = 24 •'■ 2 ' 

In order to determine the exact moment at 
wlilch d maliOH ciontac-b, tho usual method of 
using tho instrument is to grij) tho milled 
head m, Fig. 1, lightly between tho thumb 



the micrometer, taking care to avoid bearing 
more heavily on one of tho feet than on the 
others. So long as d is not touching, the 
spherometer remains quite steady ; but as 
soon as d touches the surface any further 
rotation tends to raise tho other feet from the 
surface and tho whole Bjiheromotor rotates. 
With a little practice in handling the instru- 
ment, readings can be repeated to a surjiriaing 
degi'Co of accuracy by this method jjrovidcd 
tho span, 2p, is fairly largo. This typo of 
instrument is very useful therefore for largo 
surfaces ; but for sui’faocs of smaller diameter, 
wlicro an instrument with tho foot closer 
together must bo employed, the precision of 
sotting falls off considcraldy. 

For tho great majority of lenses the diameter 
is under two inches, and it is desirable to employ 
more accurate types of spherometer. 

§ (3) The Aunfe Spherometer.'' — This 
spherometer, designed by Professor Al)b6, gets 
over tho difficulty of determining when con- 
taot is made by dispensing altogether with 
tho micrometer 
screw and re- 
placing it by a 
])lungor which 
slides freely in 
guides and is 
pulled against 
thosurfacoof the 
Ions by a definite 
force. The de- 
gree of contact is 
therefore always 
tho same. Tho 
position of the 
plunger is road I'bo. a. 

by moans of a 

microscope with micrometer oyopioco. Fig. 3 
is a diagrammatio section of tho instru- 
ment, from which its construction will bo 
easily understood. B is a circular ])lato 
supported on two stout pillars, of which 
only one, P, is shown. Tho sliding rod 
R passes through tho centre of B and 
through a lower guide 0, which is attached 
between tho two upiigbts. A counterweight 
W is attached to R by a string udiich passes 
over a pulley. This is slightly heavier than 
R, so that it tends to pull tho latter upwards. 
A finely-divided soalo is attached to tho side 
of tho plunger and is road by a mioroscopo 
attached to the underside of P, fractions of a 
division being obtained by the mioromotor 
eyepiece. Tho lens under tost rests on a ring 
A which is conoentrio with tho plunger. Tho 
ring is not bevelled to a single razor edge, but 
is ground to an annular plateau about | mm. 
wide. Concave surfaces make contact with 

* 8oo Pultrlcli, Zeils. f. Inslrumenlk.) 1892, xll. 
307, 



tb,e outer rim and convex surfaces with the 
inner. There is therefore a slightly different 
value for p, the radius of the ring, in the two 
cases. The reason for this arrangement is 
that with pointed feet, as in the simple 
spherometer first described, or with rings 
bevelled to a single razor edge, the points or 
edges become rounded in use and lenses of 
different curvature make contact at different 
distances from the centre. It is therefore 
impossible to ascribe an accurate value to p. 
With Abbe’s arrangement the edges are much 
less aoute and so do not round off readily. 
There are a number of rings such as A, but 
of different diameters, which may be fitted on 
the instrument so that lenses of various sizes 
may be measured. 

I (4) The Aldis Spherometer. — In this 
spherometer the lens rests on three steel balls 
instead of on points or rings. This appears 
to be the best method of support, inasmuch 
as the blunting difficulty is entirely eli min ated ; 
and, further, there is no tendency to scratch 
or mark the lens, a fault which, some users 
allege against the ring support. With spheri- 
cal supports the formula requires a little 
modification. Let AB, Fiff, 4, be a convex sur- 
face of radius 
r resting on 
spheres of 
radius a whose 
centres are on a 
circle of radius 
p. The quantity 
which the 
spherometer 
measures is h, 
the vertical 
distance be- 
tween the 
lowest point of 
TG tangential 
being obtained 
by the use of a flat surface in the ordinary 
way. This is equal to the vertical distance 
between the lowest point of A'B', a curve 
concentric with AB but passing through the 
centres of the spheres, and the plane F'G'. 
Thus the ordinary spherometer formula, using 
the values h and p, would give the radius of 
A'B' which equals the radius of AB plus the 
radius of the supporting spheres. Therefore 

p^ h 

’■ = 2X + 2-“- 

Similarly the formula in the case of a concave 
surface is 

h 

In the Aldis instrument, which is shown 
diagrammaticaUy in Fi(/, 5, the lens is held 



Fig. 4. 

the surface and 
to the spheres. 


the plane 
the zero 


down on the three-ball support by the weight 
of a plunger P, which shdes smoothly in a hole 
in the superstructure. The micrometer screw 
is brought up from below. Before it makes 
contact the lens is held fairly firmly against 
the three peripheral 
spheres, and there is 
appreciable frictional 
resistance to rota- 
tion. When contact 
is made, however, the 
lens is practically 
held between the 
point of the micro- 
meter and the 
plunger, and can be 
rotated freely. 

There are obvious 
defects in this ar- 
rangement for accu- 
rate work. The 
weight not only of the lens but of the 
plunger has to be sirpported on the ^harp 
point of the micrometer. Quite an appreciable 
local depression is therefore produced before 
hfting occurs. This will occur to api^roxi- 
mately the same extent in taking the zero 
reading, but the process is disastrous to any 
surface wliich undergoes it very often. The 
flat used for zero testing is soon ruined. The 
sensitivity with which the contact can be 
detected by rotating the lens is fairly high 
with large lenses, but for small lenses, such 
for instance as those in eyepieces, it becomes 
very low. 

§ (5) The Guild Spherometer. ^ — This in- 
strument m similar to the Aldis instrument 
as regards the arrangement of the micrometer 
parts and the use of three-sphere supports, 
but the method of detecting contact is quite 
different. 

The micrometer screw, instead of terminat- 
ing in a point, terminates in a small sphere of 
quartz (or glass). When this is nearly in 
contact with the surface of the lens under 
test, Newton’s rings can be seen if a suitable 
arrangement for observing them be joro- 
vided. From the behaviour of these rings as 
the micrometer is rotated the point of contact 
can be observed. The instrument is shown 
diagrammaticaUy in Fig. 6. L is the lens 
under test resting on the three-sphere support 
(only two are shown). B is the small trans- 
parent sphere in which the micrometer ter- 
minates. A microscope M, with an ordinary 
vertical illuminator V fitted above the ob- 
jective, is arranged for observing the Newton’s 
rings formed between B and L. Illumination 
is supphed by a small 4-volt lamp on a 
•suitable bracket. A piece of Wratten No. 25 
gelatin filter (red) is mounted behind the 
aperture of the illuminator, and renders the 
* G-uild, Trans , Opt . Society , 1918, xix. 103, 
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igH to bo scon aurromicling the point of 
ntdot. 

Tho method of using the inatruinent is 
nplo. Suppose that the small siihoro B is 
idually a])proaching the surface of L. When 
comes within a short distance of it the 
swton’s rings become visible on suitably 



niHsing tho microscope. As tho surfaces 
jiroaoh still olosor tho fringes expand out- 
.rda, a fresh ono appearing at tho centre for 
oh half wave- length that the screw advances; 
t when actual contact is made tho expansion 
tho fringes ceases abruptly, any further 
)tion of the screw simply lifting tho lens 
im its sup])ort. This jjoint can bo dotor- 
nod with certainty to less 
lui ono fivo-thousandth of 
millimotro. It is hotter, 
wover, to uso as tho 
torion of contact not tho 
int at which tho expansion 
tho ring system ocasos, 
t some easily rocogirised 
ifiguratioii jvM before this 
i,go is rottchod. A con- 
niont configuration is that 
whioli tlio central black 
■)t approximately trisoots 
3 diamotor of tho first 
uik ring. This lias tho 
vantage that tho apjioar- 
00 of tho rings continues 
alter for a little boyond tho roquirod 
iting, which is nroro satisfactory in jiractico 
an when tho critorion ado])tod is ono- 
ed. But tho greatest advantage is that 
3 surfaces aro ntit in tiglit contact at this 


of the surface can arise. 

With this instrument, exactly tho same 



aoonraoy in tho micrometer settings is obtainod 
with small louses as with largo. With a littlo 
praotioo readings of h can 
be ropoatod to a ton- 
thousandth of a millimotro, 
whioh is sovoral times as 
sensitive aa tho host of tho 
other existing types. An 
aotual instrument is shown 
in Fig, Oa. 

§ (6) Trrro Watou - pooket 
Si>tiiouoMiOTKn. — For very 
rough work, and for tho 
rapid identification of sur- 
faces, it is convoniont to use 
a simple arrangomont sold 
under tho name of the 
'Dioptro-moter. In appear- 
an CO it is similar to a watoh, 
with three foot projecting from tho rim 
{Fig. 7). Q’lio outer foot are fixed, and 
tho central ono can bo pushed in against 
tho pressure tif a spring. When tho foot are 
pressed against a Ions surface, tho central leg 





IS pusneu inwarus t.o an ex Lent) iiepenniiig un 
the curvature of the surface. Its motion is 
converted into rotation of the dial pointer by- 
toothed wheels. 

As the instrument is principally used to 
measure the power of spectacle lenses, it is 
graduated to road the power of the surface in 
dioptres, assuming a refractive index of 1-52. 
Thus the actual reading gives the quantity 
0-52 Jr, where r is the radius. 

II. Optical Methods 

§ (7) Newton’s Rings. — For lenses at least 
1 cm. in diameter, provided the curves are not 
too shallow, the curvatures can usually be 
most conveniently determined by means of an 
accurate spherometer. There are cases, how- 
ever, in which the sphero- 
meter is inapplicable. , 


other by interference and produce darkness. 
There is therefcu’e a black spot at the centre 
of the system. At any point away from the 
centre the illumination will be a maximum or 
zero according as the total retardation, which is 
equal to twice the distance between the surfaces 
+ half a wave-length, is an even or odd number 
of half wave-lengths ; that is, there will be a 
bright or a black ring at a distance p from the 
centre according as 2h) Fig. 8, is an odd or 
even number of half wave-lengths. For pur- 
poses of measurement the black fringes are 
always used. These will be at such distances 
from the centre that twice the sejiaration of 
the surfaces =?nX, where X is the wave-length 
and m has successively the values 1, 2, 3, 
etc. If pn is the radius of the nth. ring, 2h 
for this ring =nX. But 
I 2rh - — PfJ^, where r is 


For very small lenses, 
such as may be en- 
countered in a micro- 
scope objective, or for 
lenses of shallow curva- 
ture for which the value 
of li would be very small, 
other methods have to 
be adopted. There are 
a great variety of such 
methods, but they are 
not all of satisfactory 
accuracy or convenience 
to be of practical value. 
We shall restrict ourselves 
here to a description of 
some of the methods 



the radius of the curved 
surface. Since h is only 
a few wave - lengths, 
may be neglected in 
comparison Avith 2r7(., so 
that 

p,i^ = 2rli = rn\, 

. *. pn = \^rn\. 

The radu of the rings are 
therefore proportional to 
the square roots of the 
natural numbers, and the 
fringes become closer to- 
gether as we pass out- 
wards from the centre. 


which are of real utility 
in the optical labora- 
tory. Of these the NcAvton’s Rings method is 
the most suitable of any for convex curves 
of long radius ; but by employing suitable 
arrangements it can be used doAvn to quite 
small radii. 

In Fig. 8 let P bo a plate, of which the under 
side is accurately flat, resting on the surface 
of a lens L, and let a beam of monochromatic 
light fall on it from above. The lower surface 
of the plate forms with the lens an air film of 
which the thickness increases in all directions 
from the point of contact. Circular inter- 
ference fringes surrounding the point of contact 
can therefore be seen if suitable observing 
apparatus is provided. Let us assume that 
the thickness of the film is zero at the centre. 
Since the ray reflected from the lower surface 
of the flat is incident from the glass side of a 
glass-air surface, it undergoes no phase change 
on reflection. The light reflected from the 
surface of the lens, being incident from the air 
side of a glass-air surface, undergoes a phase 
change of half a wave-length. Consequently, 
at the point of contact, Avhere the thickness 


8. The width of a fringe is 

very approximately in- 
versely proportional to its distance from the 
centre ; for if 

P„2=?m-X, 
pn~x^ = {n- l)rX, 

(Pn-Pn-i)(/3« + Pn-l)=>'X. * 

Approximately, therefore, the width of a fringe 
r\ 

-Pn-pn-l-~2p,: 

It is easier to measure the diameter of the 
rings than their radii. If D,i is the diameter 
of the nth ring, 


TJiis relation can be employed to detennine 
the radius of curvature of the suifaco. It 
assumes, however, that the flat is geometrically 
tangential to the lens at the point of contact. 
In practice the nature of tlio contact is by no 
means definite. If the surfaces Avero to touch 
at one point only the pressure would be 


Thore ia alwa5'a, tlierefore, a flatteii- 
(»f tlvo curve avid deutiiig of the (iat to 
aproad tlio contact over aii appreciable area. 
C)\ving to thia doforiiiaticvn near the middle of 
the system the diameters of tlie rings will not 
bo accurately given by the formula we have 
discussed. However, the difference in the 
diameters of rings at some distance from the 
centre will not be affected, and the radius of 
the surface will be correctly given by 

T) 2 _ T) 2 

/ON 
^ ‘ 

where 1)^2 and T)„x are the diameters of the 
Woth and iijth rings respectively. In carrying 
out this method for lenses of long radii a 
travelling microscope, such as that employed 
f(vr the measurement of spectrum photographs, 
etc., is essential. The lens ia laid on the stage 
of the microscope. Fig. 9 , with the surface to 
bo tested upwards, mid the flat plate laid on 


respect to each of them separately. It re- 
quires D„.2 /P,h times as big an error in 
as it requires in II, j2 to produce a given error 
in r. Thus the relative accuracy with which 
the diameters have to be measured ia propor- 
tional to the diameters. We saw that the 
widths of the fringes were inversely propor- 
tional to their diameters, so that if settings 
were accurate to the same fraction of a fringe 
width the probable error in the result would 
bo of the same order in each measurement. 
As a matter of fact the accuracy of setting 
does vary nearly in thia way at some distance 
from the centre, but for the flrst few fringes 
the fringe width ia varying rapidly and the 
judgement of the setting is affected by the want 
of symmetry. It ia not desirable therefore 
to make measurements on rings of smaller 
order than the 0 th or 7 th. For the outer ring 
as large a value of n as possible should bo 
taken. This involves working where the 
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top of it. Unsteadiness can bo prevented by 
little pellets of plastioono or soft wax near 
the periphery. The illumination should bo 
supplied in a parallel beam at exactly normal 
inoidonco by moans of an arrangement of the 
typo shown in the diagram. A is a small 
apoituro in a screen, behind which is placed 
a strong source of monochromatic light. The 
aperture is at the focus of a lens L. The light 
ia reflcotod at a transparent glass reflector R, 
which is mounted in a bracket with, universal 
adjustment attached to the framework which 
carries the microscope. By adjusting R the 
light can be brought to normal incidonoe. • 
In making the actual moasuromonts it i^ 
necessary, as wo have seen, to measure the 
diameters of two rings, the Wjth and the n-^th. 
The accuracy of the final result will bo greater 
the greater % - Jij. It is not desirable, however, 
that either or should be small, as the 
rings near the centre being broad and diffuse 
the accuracy of setting is considerably loss 
than for rings furthemvut. The effect on the 
result of errors in D„2 and T),,, is readily 
doduood by differentiating equation ( 2 ) with 


fringes are very close together, and it will 
be found of convenience to employ a micro- 
meter eyeivieee to the microscope. The 
nvicrosoope as a whole is moved slowly across 
the fringe system by moans of the screw S, 
the fringes being counted as they pass the 
cross-lines. When the fringe is reached at 
which it is intended to stop, the reading on 
the drum D is taken. Several settings are 
then made by means of the micrometer eye- 
piece, and the mean of these readings used to 
correct the drum reading. The advantage of 
this process is that if the repeated settings 
are made with the screw S, the cross-lines have 
to bo brought hack several fringes each time 
in order to take up tho backlash of the screw. 
It is veiy easy in doing this to got confused 
as to tho fringe on which tho measurement is 
being made. If the repetitions are made with 
tho micrometer eyepiece, however, tho screw 
being of finer lutch and tho mechanism being 
more delicate altogether it is not usually neces- 
sary to retreat more than a fringe width to 
take up tho backlash, and the chances of 
getting on the wrong fringe are minimised. 
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SPHEROMETRY 


There are one or two details in the arrange- 
ment of Fig. 9 which differ from those usually 
described in text-boolcs and papers, and which 
require some explanation. The lens is uni- 
versally made to lie on the flat surface, and 
in consequence the fringes are seen through 
the lens, and are in general magnified. An 
object in contact with one surface of a lens 
is magnified, when observed through the lens, 
in the ratio fjfj,, where / is the focal length 
and fj, is the “ back focal length,” i.e. the 
distance from the principal focus to the surface 
of the lens. It is only in the special case of a 
lens in which the other surface is flat, and in 
which, therefore, the appropriate nodal point 
coincides -with the curved surface, that 
In all other cases the distance traversed by 
the microscope lias to bo multiphed by fjf 
to give the true diameters of the rings. In 
the diagrams illustrating the method this 
point is always avoided by the convenient 
choice of a plano-convex lens ; but in practice 
this is the exceptional case. Tim expedient of 
placing the flat uppermost, as in Fig. 0, over- 
comes this chfificulty entirely. 

The use of the illuminating arrangements 
described here, instead of the usual vertical 
illuminator above the microscope objective, 
ensures a parallel beam at normal incidence 
for all positions of the microscope. With the 
ordinary method of illumination, in which the 
light comes as a converging cone from the 
objective, fringes are only visible with ex- 
tremely thin air films, and consequently the 
lens and flat must be m contact. This being so, 
the expedient is adopted, in dealing mth con- 
cave surfaces, of measuring the difference in 
curvature between the surface and a convex sur- 
face of greater curvature which rests within it. 
This is an inaccurate arrangement except when 
the two curvatures are very nearly equal ; as an 
error in the assumed value of the radius of the 
convex surface produces a greater percentage 
error in the result obtained for the concave. 

Suppose h is the vertical distance between 
the two surfaces at a distance p from the centre. 
Let and be the respective distances of 
the convex and concave surfaces above a 
plane which is tangential to them at their 
point of contact. 

Then if is the radius of the convex and 
r^ that of the concave surface 

112,, 7 X 27i 

, — iji /i\— ~ constant ; 

••• = 

dr, ro drg, 
or — i . -= — s. 

»'l 


Thus a percentage error dri/ri in the assumed 
value of r^ gives rise to a percentage error 
drjr,^, which is rjvj^ times as great. Since, 
exeejot in special cases, jq has itself to be 
determined, and cannot be known to a greater 
percentage accuracy than is also desired for 
r.^, the method is not a good one. 

• With the method of illumination shown in 
Fig. 9 it is quite possible to get fringes with 
a large total path difference and to measure 
the radius of a concave surface directly against 
a flat. The flat is laid on the rim of the lens, 
as in Fig. 9 (a), and when the light is properly 
adjusted the fringes will be seen and can be 
measured in the same way as for a convex 
surface. The hght has to be absolutely normal, 
and the angular aperture wliich the source 
subtends must be small. The reasons for 
these precautions need not be treated here ; 
they will bo understood from the treatment 
of hrterference by thick plates in another 
article. In making the adjustments the best 
method of procedure is to mount the lens L 
on a stand which has rack-and-pinion adjust- 
ments both horizontally and vertically. Re- 
move L and adjust R by hand until the fringes 
appear as distinct as possible. Replace L, 
and adjust it horizontally and vertically until 
the rings are equally distinct in all parts of 
the field. A guide to the correct adjustment 
will be found in the size of the rings near the 
centre. Since for normal incidence the retarda- 
tion is a maximum, the rings shrink to a 
minimum size when the incidence is normal. 
The movements of the rings with sbght 
changes in the adjustment of the light give 
rise to the impression that the results obtained 
depend entii’ely on the adjustment. This is 
not so, however, as the relative positions of 
different parts of the ring system are affected 
by the adjustment of the light to exactly the 
same extent as if the surfaces were in contact 
as in the ordinary method. 

The necessity of emplojung as small a hole 
as possible at A necessitates the use of a very 
bright source of light. The green line of 
mercury is the most useful to employ, and 
should be obtained from a quartz arc made 
specially for interference work.^ The other 
lines in the siDectrum are much less intense 
than the green line, and only detract slightly 
frpm the blackness of the fringes, the positions 
of which are determined by the green line, 
"the beat type of aperture to use a.t A is a 
small iris diaphragm, which can be adjusted 
to give the best compromise between brightness 
and distinctness. 

In employing Newton’s Rings for medium 
and steep curves, the travelling microscope 
ceases to be satisfactory on account of the 
smallness of the radii of»the rings. It is better 
in this case to use an ordinary microscope with 
^ Guild, Proc. Phys. Soc., 1920, xxxii. 341. 


a micromotor scale in tlio focal plane of a 
Kamsdcn eyopioco, aiul to inoaRuro up the 
1 ‘inj^s on this scale. An ohjoctivo should ho 
chosen of such jiovvor as to give an image of 
the ring systoni of suitable size. With steep 
curves, the objective requires to be of too 
high a power to allow the interposition of the 
vortical illuminator shown in Fig. 9, and an 
ordinary vortical illuminator above the 
objective must bo emjiloyod. The arrange- 
ment cannot then be used for concave surfaces. 
However, for medium and steo]) curves the 
method is no more accurate and is much more 


-The following 


tedious than several other methods which will 
now bo described. 

§ (8) MiOHosoorK Mktiiods. 
mobhuds require a good micro- 
sc-opo stand with mcc^hanical 
stage and a universal sub- 
stage with centring adjust- 
ments. A vertical illuminator 
of the ordinary inoLiued cover 
glass typo is mounted above 
the objective. 

(i.) For ('oncave /Surfaces. 

■—The lens is mounted on a 
supiiori. attached to the sub- 
stage fitting, wliich can bo 
raised or lowered by the rack 
and jiinicm P, Fig. K) (a), 
and centred by the screws ss. 

A piece of thin cover glass 
on wliioh some easily recog- 
nisable markings have Leon 
acratehod is placed on tho 
stage, and the mierosiaipo 
is focussed on these, vertioal 
illumination being supplied 
by the lamp L. Tlio sub- 
stage is them raekc'd up or 
down until the image of tho 
markings formed by reflection 
at tho conoavo surface is also 
seen in sharp focus. liy moans of the screws ss 
tlio image is centred with respect to tho object, 
which is then at tlie centre of curvature of tho 
surface. The cover glass is removed and tho 
miorosoo])e racki'd down until some lyoopodhim 
grains sprinkled on the surface of tho lens are 
in focus, Tlie distance the mioro8oe|)e has 
been moved is f.ho radius of curvaturo required. 
Tho method is accurate to about 0d)5 mm. 

(ii.) Far CUm-mi; this case tho 

arrangement is somewhat more complicated. 
Tho mionmeoiie is initially racked down so 
that tho objective* is about the level of tho 
stage. The sub-stage is adjusted until some 
lycoptidium grains on tho surface of the lens 
are in focus. Tho surface is tlien at the object 
point 1 of the microscope. A piece of silvered 

‘ For convenience of deserlptlon we may use this 
term to denote the point conjugnte to tlie centre 
of the focal plane of the eyepiece. 'I'o lix tile position 
of tills iilaiie a graticule shouid be lltUid. 



glas.s with a numlicr of scratches cut on it is 
])laced at (), and its distance from the vortical 
illuminator is adjusted until an image of the 
scratches is seen simultaneously with tho 
lycopodium. Under these circumstances light 
from the scratches, after reflection at the 
vertical illuniinator and passage through the 
objective, converges towards tho object point 
of the latter. The sub-stage is then racked 
upwards until an image of the scratches 
is again in focus. This happens when the 
rays converging from the objective meet 
tlio surface normally — that is, when tho 
object point of tho microscojie coincides 
with the centre of curvaturo of the sur- 
face. The microscope is now racked up- 
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wards until tho lycopodium is again in focus, 
and the distance moved is the radius of the 
surface. 

This method is frequently described in an 
inaccurate manner. By following tho pro- 
ooduro outlined above, it will bo observed that 
all adjustments involving tho imago of the 
soratolios are made with the microscope and 
the object 0 in a fixed relative position. This 
is clearly an essential condition to accuracy, 
Tho results are roliablo to about 0-05 mm., as 
in tho case of the previous method ; but tlio 
range of curvature for which it can be used is 
limited by the working distance of the objective 
wdiioh is available. In the pi'evioua method tho 
range was limited only by the range of vertical 
traverse of the microscope. 

(iii.) MagniflcMion Method for very large 
Ourmiturea. — For largo curvatures such aa are 
met with in some of the lenses of niicroscopo 


objectives, none of the methods so far men- 
tioned are satisfactory. The following method 
, j is at once extremely simple 

1 I and extremely accurate ; and 



has the great advantage that 
the percentage accuracy is 
practically independent of 
the curvature. Suppose 
{Fig. 11) that we employ as 
object a suitable mark on 
the front lens of the object 
glass of the microscope, and 
so adjust a reflecting surface 
M that an image of this 
object is seen in sharp focus 
in the focal plane of the eye- 
piece. It follows that the 
image I formed by reflection 
in the surface is situated at 
the object point of the 
microscope and is therefore 
at a fixed distance from 
0, =& say, whatever the 


curvature of the surface may 
be. From the magnification 
of the image the curvature 


Fig. 11. can be deduced. Let u be 


the distance from the sur- 


face to the object, v the distance from the 
surface to the image, and r the radius of the 
surface. Then l[u+ i/u=2/r, quantities being 
regarded as positive when measured against 
the incident light. l'~10=u-v. The 
magnification of the image at 1= -vlu,=m 
say. Hence 



From (i.) we see that in general there are two 
distances of the mirror from the object which 
satisfy the condition of the experiment, 
namely the value of u which gives a magnifica- 
tion m, and another value u' for which the 
magnification is m', where m' ■=■ — 1/m. In the 
case of a convex surface one of these values 
is negative and so is experimentally in- 
admissible. The other value is such that 
the magnification is +ve and numerically 
less than unity. 

For a concave surface, both values of u 
are positive. In one case is less than r/2 
and the magnification is positive and greater 
than unity. In the other ease u is greater 
than r, and the magnification is - ve and 
numerically less than unity. 

This method can be employed over a large 
range of curvature ; but the best experimental 
conditions differ for different ranges. 


For very short radii the arrangement of 
Fig. 12 is convenient. The microscope is 
fitted with a vertical illuminator, preferably 
of the type shown, in which the reflecting 
cover-slip is just under the eyepiece. Light 
is supplied by a small 4- volt lamp, attached 
for convenience to the microscope. The 
illuminated aperture of the lens itself serves 
as the object. The curve C to be measured 
is_ placed centrally on the stage, and, on 
racking the microscope up or down, a circular 
disc will be seen which is the image by reflec- 
tion in C of the aperture of the objective. 
This is sharply focussed and its diameter 
measured on a micrometer scale in the focal 
plane of the eyepiece. The actual dimensions 
depend of course on the magnification of the 
microscope as well as the 
magnification m of the 
reflected image. However, 
for a given objective and 
tube length, the measured 
diameter is proportional to 
the magnification m. Thi'. 
instrument is calibrated by 
measurements on a series 
of the steel spheres sold as 
ball-bearings. These can 
be obtained of diameters 
ranging from of an inch 
to 3 inches by small steps. 

The sizes up to about an 
inch make excellent optical 
standards, and a complete 
set should be available in 
any laboratory. They can 
be measured with a micro- Fig. 12. 

meter gauge ; but it will 
bo found that they are invariably so close 
to their nominal values that for optical 
purposes these values can be taken as sub- 
stantially correct. 

The accuracy with, which the diameter of 
the luminous disc can be measured depends 
of course on its size. An objective should 
be employed which gives an image of at 
least 4 mm. on the eyepiece scale. The size 
of the image dejiends not only on the power 
of the objective but also on its worldng 
distance and the hnear dimensions of the 
aperture. However, it is easy to find a series 
of three or four objectives which between 
them will cover the range from the smallest 
radii encountered in microscope work up to 
radii of about 10 mm. If, by means of the 
steel balls, calibration curves are drawn for 
each objective for the range in which it is to 
be used, they will be found to he practically 
straight lines within the accuracy of observa- 
tion. This follows at once from the relation 
r = - 2mhll - when m is very small, as is 
the case with surfaces of such short radii. 
Thus the scale reading is proportional to the 



flurfiu'.o can ))o obtained from the calibration 
curve. It is wal'er, however, to make check 
measuromontH on one or two of the spheres 
each time the ap[)aratna is reassembled, to 
ensure that the constant of the instrument 
has not boon altered. 

It is evident that the calibration curve 
obtained with the s])horos will do equally 
well for the measurements of concave curves, 
tho real image formed being of the same 
magnification as tho imago obtained with a 
convex eurvo of tho same radius. 

It Avill be observed that if suitable objectives 
aro employed, the diameter of tho disc to bo 
moasured is of tho same order of magnitude 
(40 to 100 scale divisions), however small tho 
radii tested may bo. Since it is easy to road 
to •! scale division (with a good quality micro- 
motor scale), tho average sensitivity of the 
method is about 1 jiart in 700. Further, tho 
method is virtually one of substitution, and 
all aberrational offeots of tho observing micro- 
8001)0 aro eliminated. 

Thus there is no source of error other than 
tlio accidental errors of moasuromont, and tho 
aouuvaoy is equal to tho sensitivity. 

In practice the definition is improvod by 
using a light green filter to cut out tho 
oxtromitios of the spectrum, as, if white light 
is used, chromatid ahew’ation tends to spoil 
the Bl)ar|)nosH of the image. 

(Iv.) M agnifiriUion Method for Medium 
— -It is not convenient to use the 
method in tho form described above for 
radii much over 1 cm., hooanso tho disc 
beoomos toti largo to bo eontainod in tho 
Held of view oven with the lowest power 
ohjootives. 

For larger radii it is hotter to use as object 
a scale, similar to that employed in tho 
oyopioee, attached to tho front of tlio ohjoctivo 
witli soft wax or plostioeno. An imago of this 
soak) is soon when tho object is at the correct 
distance from the surface. By measuring 
tho dimensions of a suitable number of 
graduations, the magnification can ho obtained 
from a knowledge of the magnification of the 
mior()soof)o. We may, if wo oliooso, determine 
k, and oalculato tho radius directly from 
formula (ii.) above. To measure k a flat 
surface, preferably silvered, is laid on the 
stage and the micrf)scopo focussed on some 
scratches on. tho silver. On racking down- 
wards, an image of the scale comes into focus. 
The distance which the microseopo has been 
moved is clearly \k. 

As in the case of veiy small radii, however, 
if; is better to cfalihrate the instrument empiric- 
ally. Unfortunately, there are no oa.sily avail- 
able standards such os the ball - bearings 
employed in the former ease ; but points on 
tho curve can be obtained from measurements 
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accurately with a 8i)lierf)motcr. If sufficient 
of such standards are available to determine 
the calibration curve accurately, an unknown 
radius can be obtained directly from the 
curve ; but it is usually better to measure 
m for the surface in question and also the 
corresponding value for the nearest standard, 
and deduce the unknown radius from the 
formula 


In the case, of concave curves, if tho radius 
does not exceed two or three centimetres, it 
is easy to obtain tlio real and diminished 
image, and in this case the convex standards 
fl'PP^y to concave curves as well. With 
shallower curves, however, the real image is 
too far from tho lens to bo within the range 
of vertical traverse of ordinary microscopes ; 
and it is necessary to work with the virtual 
image, for which, as we saw earlier, m is greater 
than unity. A separate set of concave 
standards is necessary for those. Unfortun- 
ately, as the magnification increases tho 
imago of tho scale becomes very faint, and tho 
measurement is somewhat difficult with 
magnifications greater than unity. The range 
of cuiwature for which tho diminished real 
imago can bo utilised may bo increased by 
mounting the lens on the sub - stage or 
oven on a separate suiiport below tho 
mieroscoiie. 

.Except with comparatively small radii the 
4-volt lamp L (F/g. 12) will not give a 
suffioiontly bright field. It is better to 
employ a 100 o.p. “ Pointolite ” lamj), or 
any similarly intense source, behind a ground - 
glass screen situated about 30 cm. from 
the microscope and on a level with the 
aperture of tho illuminator. Except for 
the ground glass the lamp should bo entirely 
enclosed. 

The scale employed as object should not 
bo too fine. A IJ-inch objective with a 
working distance of about an inch will give 
satisfactory results over most of tho range 
for which the motliod is applicable. 

There are a variety of other magnification 
methods ; but they involve the measurement 
of two magnifications and aro inferior in 
convenience and accuracy to that just 
described. 

§ (9) Diekot Looation oir Centee.— F or 
concave curves of radii above 20 cm. this 
method may be employed provided tho ratio 
of tho diameter of the surface to tho radius 
of curvature is not too small. Tho principle 
of the method is that if an object and its 
image by rofiootion in tho surface are co- 
incident, or in close juxtaposition in a plane 
poi’pendicular to the axis of the surface, 


they are located at the centre of curvature. 
The method as usually described, in which 
the image is formed on a card, is not, how- 
ever, very sensitive ; and if the best possible 
accuracy is required in the result the following 
arrangement will be found much better. A 
microscope slip is silvered or platinised on one 
side, and a network of very fine scratches is 
made with a sharp needle. The slip is mounted 
on the stage of a microscope which is turned 
back so that the microscope tube is horizontal. 
The scratches are illuminated by means of a 
small prism P, Fig. 13 (a), and a “ pointolite ” 
lamp S. The concave surface M is arranged 
so that an image is formed on the slip a little 



microscope more critically than almost any 
other type of object, and the depth of focus is 
reduced to a minimum. The accuracy depends 
on the ratio of diameter to radius of curvature. 
It is about OT millimetre for a ratio of 1 ; 20. 

The direct location of the centre is un- 
fortunately impossible with convex surfaces. 
The method in which an auxiliary lens is 
used to produce a convergent beam, which 
meets the convex surface normally and is 
reflected back through the lens and focussed 
in the vicinity of the object, is valueless for 
work of any. accuracy on account of the 
aberrations of the lens. 

§(10) Pouoatjlt’s Shadow Method. — This 



13. 


to the side of the illuminating prism P. In 
this region the plating should be almost all 
scraped off, a few streaks being left on which 
to focus the microscope. When the adjust- 
ment is correct, these streaks and the reflected 
image of the illuminated scratches will be 
simultaneously in focus. The plated side of 
the slip should be towards the mirror, and the 
distance between them can be measured in 
any convenient manner. It is advantageous 
in practice not to attempt precise adjustment 
of the mirror, but to get it approximately 
correct and measure the error by racking 
the microscope so that first the surface of 
the slip is in focus and then the reflected 
image. Half the distance between the two 
positions is the correction to be applied to 
the distance from slip to mirror. The edges 
of a silvered film can be focussed up with a 


is another useful method for concave curves. 
It forms at the same time a sensitive test of 
the sphericity of the surface. A convenient 
arrangement is shown in Fig. 13 (6). P is a 
small 45° prism with clean sharp edges. One 
of the square faces is covered with tinfoil 
in which a fine hole has been pierced with a 
needle close up to one of the 45° angles. 
Fig. 13 (c). This prism is mounted on a 
platform capable of fine adjustment in two 
directions. A good mechanical stage of a 
microscope will do. The pinhole is illuminated 
by focussing on it a very bright source, e.g. 
a “ pointolite ” lamp. A beam of light 
spreads out from the pinhole, and the mirror 
is placed so that an image of the pinhole 
is formed just a httle to the side of the prism. 
The eye is placed just behind the prism at E 
so as to receive the reflected light. Since 
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latter appears uniformly bright all over. 
If, now, the prism is moved laterally, so as 
to bring the pinhole closer to the axis of the 
mirror, a point is reached at which the edge 
of the prism outs into the reflected beam and 
shuts off some of the light reaching the eye. 
Assume first that the surface is truly spherical 
so tliat all rays corresponding to one point 
of the object converge to one point in the 
image. If P is exactly at the centre of 
curvature it will cut the beam exactly at the 
imago, and the surface will darken uniformly 
all over. If P is inside the focus the rays from 
A are intercoi)ted before those from B and a 
shadow comes over the surface from A to B. 
If P is outside the focus the shadow starts from 
B. The stage is moved longitudinally until 
the lateral movement produces a darkening 
of the whole surface simultaneously. The 
distance from the pinhole to the surface is 
then the radius of curvature. As a test of 
the surface this method is valuable. If there 
are any parts of it from which rays do not 
converge to the same point as from others, 
the surface will not darken uniformly in any 
position of P. If, for instance, the focus for 
the peripheral zone is farther out than for the 
contra! zone, and P is at the focus of the latter, 
the central zone will darken uniformly, but 
the rays from A will bo cut off, while those 
from B will not. A orescent-shaped region 
near A will therefore remain bright after 
the remainder of the surface is obscured. If 
P is at the foous of the marginal rays the 
regions near A and B will darken simul- 
taneously ; but rays from the side of the 
central zone nearest A will pass the edge 
of tho prism and this region will appear 
bright. 

The effect of local irregularities is to give a 
patcliy a[)pearanoo to tho field. The exact 
path of tlie rays from different parts of the 
surface can bo determined, for the place 
whore the rays from any two parts, say the 
oontro and any other region, intorseot tho same 
vortical j)lano parallel to the axis is found by 
adjusting P till the two parts in question 
darken simultaneously. By making observa- 
tions with AB in azimuths differing by 90° 
tho paths of tho rays may bo completely 
determined. 

§ (11) SuMMABY. — The methods of curvature 
measurement described in tho preceding 
sections provide complete equipment for 
curvatures of all possible magnitudes. Where 
to leave off one method and use another 
depends largely on the predilections of the 
observer, as their ranges of utility overlap. 
As the intention was to give only those methods 
wliich are of general application, description 
has had to be omitted of various useful 
methods, suitable for works practice, where 
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curves of any radius is assumed.^ j, 

SPIRIT-LEVELS 

§ (I) General. — Spirit - levels are used to 
determine the direction of the horizontal, or 
vertical, at any point, and sometimes to 
measure small angles from tho horizontal. 
Tho usual form consists of a glass tube shaped 
so that the longitudinal section of its upi)or 
internal surface is the arc of a circle. Tlie 
tube is nearly filled, with li(|;uid, so that a 
bubble of vapour is loft. The bubble rises 
to the highest portion of tho tube, and when 
at rest tho lino joining tho two ends is hori- 
zontal. The tube is generally graduated on 
its upper surface. Tho graduations are gener- 
ally single or double millimotros, Troths or 
u^ths in., or in older instruments Paris linos 
(2-26 mm.), and may bo continuous or have 
the centre marks omitted. Tho lino joining 
tho ends of tho bubble, when these ends are 
equidistant from tho centre of tho tube as 
shown by the graduations, may ho called tho 
axis of tho bubble. Tho glass tube is generally 
fixed in a metal tube, cut away to enable tho 
bubble to be seen, and this tube is again 
adjustably fixed to some mount. For rough 
work it is sufficient to fix tho bubble tube 
so that the instrument to which it is attached 
is level when tho bubble is in tho centre of its 
run, and trust to tho adjustiTiont remaining 
constant. The bubble is in adjustment when 
its axis is parallel to the base of its mount, or 
to the surface which it is desired to level. 
A tubular bubble will obviously only indicate 
the horizontal in tho direction of its length, 
and if a surface has to be levelled two bubble 
tubes are required at right angles to each other. 

§ (2) CiRauLAB Bubbles.-— For rough work 
a circular bubble is often convenient. In this 
case the upper surface of tho vessel eontainuig 
the liquid is a portion of a By)lioro, and dislovel- 
raont in any direction is shown by tho one 
bubble. Fig. 1 shows two forms of circular 



bubbles. A has tho vessel containing tho 
liquid formed of a completely soalod-up glass 
vessel, B has only tho top of glass ; it is more 
compact than A, but ib is difficult to ensure 
that there shall bo no slow loalcago. 

§ (3) Tubulab Bubbles. — ^Whoro tho hori- 
zontal is required with an error of loss than 
a minute pr so of arc, tubular bubbles arc 

‘ Soo, for instance, H. D. Chalmers, Trans. Opt. 
Soo., 1916-16, xvi. 169, 
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almost always used, and they must be made so 
that they can he reversed end for end in order 
to check the adjustment. 

For levelling a plane surface the under 
surface of the level mount is also a plane 
surface. If this now rest on a flat surface, 
which is tilted as necessary till the bubble lies 
in the centre of its run, the surface is level 
in the direction of the length of the bubble 
tube, provided the bubble is in adjustment. 
The adjustment is checked by reversing the 
bubble tube end for end. If the bubble still 
lies in the centre of its run the adjustment is 
correct. If it has moved it is brought back 
half-way by tilting the surface and the rest 
of the way by the adjusting screws on the 
bubble mount. The whole is then checked 
by reversal. It is not necessary for the 
bubble to be in adjustment ; if the bubble 
remain in the same position in the tube after 



reversal, the surface is level. A consideration 
of Fig. 2 will make this clear. 

§ (4) Striding Level. — For levelling the 
axis of a cylinder, such as the telescope of a 
collimator or the horizontal axis of a transit, 
the level is mounted as shown at Q in 
Fig. 3. This is known as a striding level. 

I (5) Use oe Level eor making a Vertical 
Axis Vertical. — In order to make the 
vertical axis of rotation of any instrument 
{e.g. a theodolite) truly vertical, a bubble tube 
is fixed to the rotating portion of the instru- 
ment at right angles to the axis. If the bubble 
axis is truly at right angles to the vertical 
axis it is only necessary to set the bubble by 
means of the instrument levelhng screws, in 
two positions at right angles to each other. 
In practice the instrument is rotated till the 
bubble tube is parallel to two of the levelling 
screws of the instrument, and by their means 
the bubble is set, i.e. brought to the centre 
of its run. The instrument is then rotated 
through 180°. If the bubble remain set the 
bubble is in adjustment ; if not, the bubble is 
brought back half-way to its original position 
by means of the levelling screws, the instru- 
ment is again rotated through 180° into its 
original position, when the bubble should 
retain the mean position at which it was last 
set. The instrument is then rotated through 


90° and the bubble set to the mean position 
as found above by means of the third levelling 
screw. The bubble should now take up the 
same position however the instrument is 
rotated, and if this is so the vertical axis is 
vertical. It is usually necessary to repeat 
the reversals several times before this condition 
is obtained. If the mean position of the 
bubble is not the centre of the tube the 



Fig. 3. 


bubble can be brought into adjustment by 
means of the bubble -adjusting screws, but 
unless it is badly out of adjustment this is not 
worth while. 

§ (6) The Sensitiveness oe a Bubble, i.e. 
the amount the bubble will move when the 
tube is tilted through a small angle, varies 
directly as the radius of curvature of the tube, 
and is generally measured by the angle of tilt 
necessary to move the bubble through one 
division of the tube. 

§ (7) The Accuracy oe a Bubble depends 
on other factors as well as on its sensitiveness, 
notably on the length of the bubble itself, 
and the method of illumination and viewing 


of the figuring of the surface of the tube. 

When the tube is tilted and the ends of the 
bubble cease to be at the same level, a force 
due to this difierence of level tends to move the 
liquid. This force is proportional to the 
specific gravity of the liquid and to the 
difference in level of the ends of the bubble. 

The difference of level or “ head ” is I sin a, 
where I is the length of the bubble and a the 
angle of tilt. This force therefore varies as 
the length of the bubble, and is independent 
of the curvature. This force has to overcome 
the inertia of the liquid and the frictional 
forces. The more sensitive the bubble the 
greater the work that has to be done to move 
the liquid to its new position ; hence the 
slower the movement. 

The accuracy required in forming the surface 
of a sensitive bubble tube is very great. The 
following example gives some idea of the 
accuracy necessary. Suppose the tool used in 
forming the surface vibrates in such a manner 
as to superimpose a sine curve on the theo- 
retical circle, and that the equation of this 
curve is y — k sin (27ra:/p), whore y is the linear 
departure from the true curve at any point 
whose chstance along the curve is x, k is the 
maximum value of y, and p the period of the 
sine curve. For a displacement d,x of the 
bubble the change of level of one end of the 
bubble is {ldxj2'R) -|- {y^ - y^) cos 0 -Ti, where I is 
the length of the bubble, R the radius of 
curvature, and B the angle between the radius 
at the end of the bubble and the vertical. 

Thus B = ?/2R, and cos B may be considered as the bubble will cause the air bubble to move 

unity. If /i and li' are the changes in level at towards the warm end. It is therefore im- 

the two ends the corresponding angular tilt is portant that sensitive bubbles should be oare- 

{h + 'h')ll — a, whence fuUy shielded from becoming unevenly heated, 

and it is advisable to enclose the bubble tube \ 

4:k vl irdx ■7r{2x+ l + dx) , dx and its mount in an outer glass tube. j 

a-TSin-sm -—sin ^ g Mounting the Bubble Tube. — The : 

bubble tube is usually fixed in its metal mount | 

The first term represents the error in sensi- by means of plaster of Paris, but this is not ■; 

tiveness at the point considered. This shows suitable for sensitive bubbles. Another method j 

that in general the error is reduced with in- is for the tube to rest on two Y-shaped supports, I 

crease in I, but the term sin Trljp will vary and be held in place by springs ; the Y’s and ( 

from 1 to 0 as Z varies. Appl3dng this to a springs may be lined with cork. Another i 

bubble with a mean sensitiveness of 10'3" per method is to fix a metal cap on each end of ? 

millimetre (R = 20 metres) and an ii’regularity the tube with wax. The caps are split and one j 

represented by lb = -0005 mm., p = 10 mm., portion turned up shghtly to form a spring. j 

length of bubble 35 mm., it is seen that the The caps are then secured in the metal mount i 

■ tilt necessary to move the bubble 1 mm. by means of three screws each, one of which | 

varies from 6-8" to 13'8". If the length of the presses against the sprung portion of the cap. 

bubble be increased to 40 mm. the error The metal tube must also be mounted so that 

vanishes. If R = 100 metres (sensitiveness it can be adjusted without it being strained, 

about 2" per mm.) and the length of the One end must be capable of a small turning i 

bubble 65 mm., the tilt to move the bubble movement, while the other is fixed by two or I 

1 ram. varies from 0-9" to 3- 9", it Avill be four antagonising screws, or by a screw working j 

difficult to set the bubble, and no accuracy against a spring. j 

can be obtained in reading small angles of § (10) Method oe Viewing the Bubble. — | 

dislevelment. The above shows that the tube The accuracy of setting or reading the bubble j 

must be very accurately shaped, especially if depends not only on the sensitiveness and j 


shows that it is useless to attempt to calibrate 
a bubble tube, as the errors depend on the 
length of the bubble itself, and this is con- 
tinually varying with changes in temperature. 

§ (8) Effect op Temperature Changes. — 
If the temperature of the tube rises the liquid 
will expand and the bubble itself will contract. 
If the bubble become unduly short the level 
becomes unsatisfactory. To obviate tlus, sen- 
sitive bubble tubes are often made with a 
chamber as showm. in Fig. 4, so that the length. 


of the bubble can be adjusted by allowing 
more or less of the air to be caught in the 
chamber. If the tube be unevenly heated it 
will become distorted, and the same will 
hapjien if the tube be mounted in a metal 
mount so that it is strained by unequal ex- 
pansion of the glass and metal. If the Uquid 
be unevenly heated the warmer portion will 
have its density reduced and will take up 
more room and so cause the bubble to move 
irrespective of tilt. A still more important 
effect of unequal temperature is probably that 
due to the alteration of the surface tension of 
the liquid with change of temperature. In 
general the surface tension is reduced by 
increase of temperature, consequently the 
stronger surface tension at the cooler end of 
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method of viewing and illuminating the bubble. 
In the usual method of mounting the bubble 
is both lit and viewed from the top. In this 
case the appearance of the bubble ends varies 
with the direction from wliich the light falls, 
and there is also a parallax effect depending 
on the thickness of the glass — this being 
specially noticeable "ivith a long bubble. The 
best method of illuminating the bubble appears 
to be by transmitted light, the mounting tube 
being cut away below as well as above, and 
a suitable reflector provided beneath it. If 
the bubble be mounted in this way the edges 
and ends of the bubble are better defined if 
the sides of the bubble tube are blackened. 
In many instruments, e.g. engineers’ levels and 
theodolites, the bubble is so mounted that it 
cannot be viewed by the observer from his 
position at the end of the telescope ; he has to 
move round the instrument to see the bubble, 
and by this movement he may tilt the whole 
instrument unless it stand on an exceptionally 
firm base. Tliis effect can bo largely over- 
come by viewing the bubble in a mirror, but. 



Fig. 5. 


unless the mirror is at the correct inclination 
— and tliis varies according to the position of 
the eye, — parallax is not avoided, and the 
divisions of the scale at the two ends of the 
bubble being at different distances from the 
eye, they ai^pear of different sizes. Both these 
effects are liable to introduce errors. A com- 
bination of reflecting prisms such as that shown 
in Fig. 6 avoids these errors, and also enables 
the ends of a long bubble to be viewed close 
together. The method of viewing the bubble 
shown in Fig. 6 (introduced by Messrs. Zeiss) 
entirely eliminates parallax, and enables the 
bubble to be set with very great accuracy. 
If the Une ab of the prism is vertically over 
the centre line of the bubble, one half only 
of each end of the bubble is seen ; and if 
the ends of the bubble are equidistant from c, 
the appearance is as shown in Fig. 6 (a). As 
the bubble moves to the right the two ends 
appear to move in opposite directions, and the 
appearance is as in Fig. 6 (6). The bubble is 
set by bringing tbe two ends into coincidence 
as shown in Fig. G (a). This arrangement more 
than doubles the accuracy of setting, as the 


separation oi tne two enas as seen m the 
prism is double the actual movement of the 
bubble, and it is much easier to bring the two 
ends into coincidence than to judge when the 
bubble is lying evenly between the marks on 
the tube. Another advantage of this arrange- 
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ment is that the bubble can be very easily 
adjusted, the final adjustment being made by 
shifting the prism box along the tube instead 
of tilting the tube itself ; this is a far coarser 
and easier mechanical adjustment for a given 
angular adjustment.^ This arrangement is 
probably the best so far devised for setting the 
bubble, but is not so suitable for use where it 
is required to read small angles of dislevelment. 
An attempt has been made to get the same 
facihty of adjustment by marking the gradua- 
tions on an outer glass tube instead of on the 
bubble tube itself ; this method, however, in- 
creases parallax errors. 

§ (11) Testing Bubble Tubes. — The 
“ bubble tryer ” shown in Fig. 7 is used for 
testing the sensitiveness and accuracy of 
bubble tubes. The bubble tube to be tested is 
placed oh the Y’s, the instrument is levelled 
laterally by the supporting screws on the 
right. The bar supporting the Y’s can be 
tilted by means of the micrometer shown at 
the left. The dimensions of the instrument are 
calculated so that one revolution of the screw 
tilts the bubble by a definite number of seconds. 



Fig. 7. 


For sensitive bubbles a double lever arrange- 
ment can be used. By this means the angle 
necessary to move the bubble through any of 
the divisions of the scale can be found, hence 

^ Fig. 16 of article “ Surveying and Survey 
Instruments ” shows an instrument with this 
arrangement. 






constancy of this value. It will be seen from 
what has been said above that it is not possible 
to calibrate a bubble tube, as with an in- 
accurate tube the sensitiveness will vary with 
the length of the bubble itself. 

rLBi’BUBXOB. — Trans. Optical Soc. vol. xx. p. 45. 
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Spraying as an alternative method to immer- 
sion for the application of silvering solutions ; 
an economical process, used for search-light 
mirrors. See “ Silvered Mirrors and Silver- 
ing,” § (2) (hi.). 

Stadia Surveying Work, special instru- 
ments for. See “ Surveying and Surveying 
Instruments,” § (21) (v.). 

Stadia Surveys, subtense methods. See 
“ Surveying and Surveying Instruments,” 
§ ( 22 ). 

Stadia Surveys, Taciieombtric or, general 
methods. See “ Surveying and Surveying 
Instruments,” §§ (9) (v.), (20). 

Standard Wave-lengths, dolinition of a 
system of standard wave - lengths. See 
“Wave-lengths, The Measurement of,” 

§( 4 ). 

Discussion as to their' values. See ibid. 
§( 4 ). 

Standards, Optical, limits of error permis- 
sible in the manufacture of spectacle lenses. 
See “ Lenses, The Testing of Simple,” § (4). 

Standards oe Light. See “ Photometry and 
Illumination,” § (4) et sqq. 

Stark Eefeot : an effect, discovered by Stark 
in 1913, in which certain spectral lines 
when omitted in strong electric fields 
are resolved into components which are 
polarised in different planes. The resolution 
is not the same for linos of tho same 
series, but tho polarisation and number 
of the components depend on the direction, 
with respect to tho field, in which the 
observations are made. See “ Spectro- 
scopy, Modem,” § (9). 

Starling - Thompson Photometer. See 
“ Photometry and Illumination,” § (27). 

Station Pointer, its use for fixing position 
of ships. See “ Navigation and Navigational 
Instruments,” §§ (14) (i.), (17) (i.). 

Stefan-Boltzmann Law. See “ Radiation 
Theory,” § (5). 

Stereosoopio Graticules : a device employed 
in some stereoscopic range-finders to give a 
distance scale in tho field of view. Seo 
“ Range-finder, Short-base,” § (13). 

Stereosoopio Range-finder. Sco “ Range- 
finder, Short-base,” §§ (2) and (7). 


sensorj?- phenomena to denote the external 
physical cause as distinct from the sensation 
perceived. 

“ Stones,” a defect in glass. See “ Glass,” 

§ ( 16 ) (!.)• 

Stops, Measurement op Effective Aper- 
ture of. See “ Camera Lenses, Te.sting of,” 
§( 8 ). 

Strain in Transparent Materials, detec- 
tion of, hy polarised light. See “ Polarised 
Light and its Applications,” § (19). See 
also “ Glass,” § (19) (iv.). 

Production of, in glas.s. Sec ibid. § (19) (i.). 

“ Striae,” a Defect in Glass ; veins of glass 
of a diliorent refractive index from that of 
the rest of tho glass ; known also as “ cords.” 
See “ Glass,” § (10) (ii.). 

String, Calculation op Frequencies of 
Vibration of. See “ Sound,” § (52) (i.) ; 
also “ Strings, Vibrations of.” 


STRINGS, VIBRATIONS OF 

To investigate the transverse vibrations of 
a tense string or wire wo take tho axis of x 
along the undisturbed position and denote by 
y the transverse displacement at time t of 
that point whose equilibrium co-ordinate is 
X. If T^ be tho stretching force the transverse 
forces on the ends of an element 8x are 

— Tj sin \i', and sin f + 5(Ti ain \f), (1) 

where is the inolination of tho curve to the 
axis of X. Hence if p bo the line density, we 
have 

/)6a;?^ = g(Ti sin v^). . . (2) 

This equation is accurate, but if \jj is every- 
where small wo may neglect tho changes of 
tension, and further write sin i/' = tan \p — dyldx 
with sufficient approximation. Thus 



Tho simplest, and naturally tho most 
important, case is where tho string is uniform, 
and c accordingly a constant. The general 
solution of (3) is ■then 

y=/(ci — a;) -1 -F(cH-®). • • (6) 

It is easily verified, in fact, that tins satisfies 
(3), and the arbitrary functions / anil F enable 
us to satisfy prescribed initial and terminal 
conditions. For instance, in tho case of an 

3 E 
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unKmited string started from rest in the form 
y = <Pix) the solution is evidently 

y = i{(p{x--ct) + (j>{x + ct)}, . . ( 6 ) 

smoe this makes 

y = ^=0, . . (7) 

when t=0. 

If t be increased by any arbitrary amount 
r, and x by or, the value of the first term 
in (5) is unaltered. Hence this terra, taken 
alone, would represent a wave-form travelling 
unchanged in the direction of x-positive with 
the constant velocity c. Similarly, the second 
term in (5) represents a wave travelling with 
velocity c in the negative direction. From 
the generality of the solution (5) we infer 
that any initial disturbance of the string 
resolves itself into two waves travelling in 
opposite directions. In the particular case 
where the string is started from rest, the 
formula (6) shows that the two waves are 
identical in form, and have at corresponding 
points half the original araphtude. 

The kinetic energy of any portion of the 
string is given by 

T=i/(|)‘p<b. . . . (8) 

the integral being taken over the portion in 
question. Since the length of an element is 
altered from 9u: to sec xj/dx, the work done 
in stretching it is 

Ti(sec^~l)da: = JTi(^) V 


end, "whilst the second represents the r 
wave. This is anti-symmetrical to the 
wave, a.e. it is identical in form exceiit 
is reversed in sign, and also end for en.( 
In Acoustics we are concerned with 
of finite length, fixed at both ends. Su 
these to be the points .^=0, x=l, the. • 
(12) will apply, provided 

'F{ct + l)='F(ct — l) 

for all values of ct. The function F is t 
unaltered whenever the variable is h 
by 21, and the values of y and 
therefore recur exactly whenever t i 
by 2Z/c. Hence, whatever the initial 
stances, the motion of the string is 
periodic, the period 2l(c being the time 
would take to travel over twice th( 
of the string. In this respect strings 
an almost unique position among v 
systems of multiple freedom. The on 
acoustical instance is that of long 
vibrations of uniform rods or columns 
To treat the question by the more 
procedure of the Theory of Vibrat 
inquire what modes of vibration aro 
in which the motion of each particle i 
harmonic with uniform period and 
Assuming 

y =u cos (uit + e), 


where « is a function of x only, we i 
(3) is satisfied, provided 


dhi 

dx^ 


H — rff. = 0, 


to the second order. The potential energy is 
therefore 



the integral being taken over the disturbed 
portion. In a “ progressive ” wave, i.e. a 
wave travelling in one direction only, say 


whence 2 i=Aco 8 — + Bsin— . 

c c 


Since u is to vanish for a:=0 and 
must have A=:0 and sin (wZ/c)=0, or 


Sire 



we have 


y=f(ct~x), 
dt 3a:’ 


. ( 10 ) 
. ( 11 ) 


and therefore T=V, in virtue of (4). The 
energy is therefore half kinetic and half 
potential. 

When the string is limited in one or in both 
directions reflection will take place. For 
instance, if the origin be fixed we must have, 
(^)> f— ~ B for all values of the variable, 
and therefore 


y = -F{ctJrX)-'F{ct-x). . . (12) 

If we suppose the string to lie to the right 
of the origin, the first term represents a wave 
of arbitrary form travelling towards the fixed 


where .s is integral. We infer that 
an endless series of normal modes 
are called) of the type 

T5 . sirx fsirct \ 

?/ = Bssm-y-cos f , 

where the constants B, and e, are a 
The mode corresponrbng to 5 = 1 
“ fundamental ” ; in it the form of t 
at any instant is that of a semi-ui 
of a curve of sines. In the next 
(s=2) of the series the string forms a 
undulation, with a point of rest, or 
at the middle point. In the mode 003 
ing to any. other value of s there 
nodes (counting the ends), and 5 in.1 
“ loops,” or points of maximum ar 


j-iiu iieq^uenciea (w/zv) oi tne successive moaea 
form a harmonic series — 

|x(l, h h h . . . ). 



This relation of frequencies has important 
consequences in. Acoustics.^ As is suggested 
by a remark already made, it is peculiar to 
strings and to onq or two other ideally simple 
systems. Even in the case of a string the 
harmonic relation is at once violated if the 
density is not uniform, or if the flexural stiff- 
ness of the wire has to bo taken into account. 

The frequency of tlie fundamental mode, 
which determines the “ pitch ” of the note 
produced, is 


c. _ T j* 


(19) 


It is lowered by increase of length or of 
lino-density, and raised by increase of tension. 
Those points have familiar illustrations in the 
structure and tuning of the pianoforte. 

iSo far, the stiing has been supposed free 
from external force. To illustrate the case 
of “ forced ” vibrations we may imagine that a 
proscribed vibration 


?/=/3cosw/! , . . (20) 


is imposed at the j)oint x = a. The two parts 
of the string are to bo treated separately, since 
the equation (3) is violated at the point in 
question. The solution is 


?/i 


sin {uxjc) 
sin (wa/c) 


fi cos uit, 


for 0 < a: < a, and 


. ( 21 ) 


_sin { o){l-x)/c} 
^“ '"'sin {cJ(Z~a)/c} 


cos ut. 


( 22 ) 


Eaoli of those expressions is seen to come 
under the form (5), wliilst for x = a the values 
of !/i and agree with (20). The amplitude of 
or 1/2 becomes very groat whenever waje 
or u{l~a)lc, is a multiple of tt, i.e. when the 
imposed period approximates to a natural 
period of either of the two segments of the 
string. Wo have here an illustration of the 
principle of Resonance (see “ Simple Harmordc 
Motion,” Vol. I.), but it is to be remembered 
that when the amplitude exceeds certain limits 
dissipation forces liecome important. 

It is to be remarked that the direct action 
* 800 “ aountl,” § (52). 


or a string in starting air waves is quite 
insignificant. In the pianoforte, for example, 
the periodic pressures on the bridges near the 
ends of the string set the whole area of the 
sounding-board into vibration, and this is 
really the origin of the audible sound. There 
is, of course, a certain reaction on the string 
itself, but this is negligible except in so far 
as the loss of energy gradually brings the vibra- 
tions to an end. h t 


Submarine BANOE-FiNnER (Zeiss). See 
“ Range-finder, Short-base,” § (7), See also 
“ Periscopes.” 

Sub-standards of Liciht : electric lamps 
used in practical photometry instead of 
jirimary standards. See “ Photometry and 
Illumination,” § (13). 

Substitution Method : application to 
measurement of prism angles. See “ Gonio- 
metry,” § (2). 

Subtense Methods. See “ Surveying and 
Surveying Instruments,” § (22). 

Sugar, Rotation Constants of. See “ Sac- 
charimetry,” § (5). 

Sugar Standard, Subsidiary, forMeasuring 
THE Rotation Constants of Sug ar : a quartz 
plate which, when measured with a sacchari- 
metei", gives the same reading as that of a 
normal solution with the same instrument. 
See “ Sacoharimotry,” § (5). 

Sumner Line. See “ Navigation and Naviga- 
tional Instruments,” § (4). 

Surface Tension op Glass. See “ Glass,” 
§ (32). 


SURVEYING AND SURVEYING 
INSTRUMENTS 

1. Surveying in General 
§ (1) Introduction. — Surveying consists in 
the application of physical measurement to 
the earth’s surface, and furnishes a basis for 
its discussion. Laud surveying may be divided 
roughly into three classes, cadastral, topo- 
graphical, and geodetic, but there is no clear- 
cut division between them. Strictly speaking, 
a cadastral survey is concerned only with 
property boundaries, the topographical with 
natural features and physical objects, and 
geodetic with the shape of the earth. In any 
highly developed country a cadastral survey 
must bo on a large scale, and any large scale 
survey is frequently called a cadastral survey. 
For example, the large scale Ordnance Survey 
maxjs of the United Kingdom are sometimes 
called cadastral majia, although they do not 
show property boundaries as such ; they show 


the physical divisions oi tne lanu suuii u,a 
hedges, walls, or ditches, which may or may 
not be the actual property boundaries. They 
are therefore, strictly spealdng, topographical 
maps on an unusually large scab. On the 
other hand, a cadastral map is of little use if 
it does not include some topographical features. 
Generally speaking, a topographical map should 
show all the accidents of the surface which 
distinguish it from a featureless plane and 
which are of sufficient size to bo shown legibly 
on the map. To satisfy these requirements on 
a scale larger than six inches to the mile (or 
about 1/10,000) Avould be very expensive and 
of little general use, and such largo scale maps 
are only made of small areas for special en- 
gineering purposes. The smallest scale which 
can be considered a topographical map is 
about 1/500,000, maps on scales smaller than 
this become compilations or atlas maps. The 
scales moat used for topographical purposes 
vary from 1/25,000 to 1/250,000. A geodetic 
survey does not in itself result in a map, but 
it is impossible to produce a good topographical 
or cadastral map of any considerable area 
without measurements which approach the 
accuracy required for geodetic purposes, and 
if the maps are to be on any but the smaller 
scales geodetic accuracy is necessary. 

Land surveying is a very ancient art, and 
was carried out in Egypt as early as 3000 B.o., 
being required for laying out property bound- 
aries on the land covered by the Nile floods, 
and for measuring the areas of holdings for 
revenue and land registration purposes.’- 

§ (2) Aootjraoy IlEQtriRED. — In deciding on 
the methods to bo adopted in any given case 
it is necessary to consider on the one hand 
the precision of measurement and the elimina- 
tion of errors of observation, and on the other 
the nature of the region to be surveyed and 
the purpose for which the results are required. 
Superfluous accuracy may lead to as un- 
profitable expenditure as an attempt to survey 
a large area without suitable moans of con- 
trolling and eliminating the errors which must 
occur. For economical work there must bo a 
proper adaptation of the moans available to 
the end in view. The attainment of tins 
requires a knowledge of the principles on wMoh 
all' survey work is based, and of the causes, 
and laws of accumulation, of the errors in the 
various processes. 

The ideal accuracy is such that no error in 
fixing the position of any point is greater than 
the smallest amount that can be plotted on 
the largest scale map which is to be produced. 
While this limiting error should never be ex- 
ceeded, it must be remembered that the final 
error in the position of a point depends not 
only on the immediate measurements made to 

’ See H. G. Lyons, Cadastral Survey of Egypt, 
Cairo, 1908. 


which it is fixed. It is necessary therefore to 
in’ovide a framework of points fixed -with 
great accuracy, and with any errors that may 
appear, distributed in the best manner pos- 
sible. These points arc then used to control 
the detail of the survey, and prevent the 
accumulation of errors. By this moans the 
bulk of the work can bo done by rougher 
methods, and the most accurate, and therefore 
most expensive, work reduced to a minimum. 

When commencing any new survey it is 
always economical in the long run to provide 
a framework, over the wlu)lo area to bo sur- 
veyed, of the highest accuracy that is likely 
to be required in the future, and so to arrange 
it that it ban bo extended if and when the 
area is to be extended. If the framework is 
only just sufficiently accurate for a small scale 
topographical map, it will bo useless for a 
larger scale, or more extensive, suryey in the 
future. Limitations of time, or funds, avail- 
able may necessitate a lower degree of accu- 
racy, but it is generally false economy to hurry 
unduly or to starve the provision of this 
])rimary framework. If suesh air accurate 
framework is provided the points composing 
it must bo marlcod in a permanent manner, 
so that they con be accurately identified at a 
future time ; it is obvious that any failure in 
this respect makes the work useless for any- 
thing but the survey immediately in hand. 

' § (3) Go-oaniNATES.-— In all cases the general 
prinoiiilcs of fixing and defining the points are 
the same. The position of a point is defined 
either numerically or graphically by some 
system of co-ordinates, one co-ordinate being 
always measured vertically, Le. in the direction 
of the force of gravity through the point. A 
surface which is ovoiywhere at right angles to 
the vortical is a horizontal, or level, surface. 
The simplest example of such a surtace is that 
of a lake or sea at rest, and the other- two co- 
orcUnatos are generally measured on the surface 
represented by tlio mean level of the sea, 
supposed to be oontinued through the land. 
This surface constitutes the “ Gooid,” being 
the mathematical “ figure of the earth ” (see 
the article on “ Gravity Survey.” Vol. III). 
The shape of tho gooid approximates to an 
oblate spheroid having a somi-major axis of 
about 6,378,000 metros and an ecoontrioity of 
about 1/299. In surveys of largo areas, such as 
countries or continents, it is necessary to take 
account of tho spheroidal shaiio, and measure- 
ments are reduced to some soloctod “ spheroid 
of reference.” For smaller areas it is sufficient 
to consider the reference surface as a sphere 
whoso centre lies in the earth’s polar axis, and 
for still smaller areas the surface may bo 
considered as a plane. Tho assumption that 
the surface is a sphere rather tlian a spheroid 
leads to the simplification that tho vertical 


uirougii a, poinx A wnicn aiso incmcies 
a point B is identical with the vertical plane 
through B which includes A, and tliat the 
level surfaces are all concentric spheres. 

In commencing the survey of any area the 
reference surface is first selected, a point on 
this surface is then chosen as “ Origin,” and 
if the survey is to be connected to any other 
survey, the position of this point must be 
determined, either by connecting it to an 
existing survey, or by astronomical determina- 
tion of its latitude and longitude. An azimuth 
must bo similarly determined in order that 
the survey may be proiJeiiy oriented. If the 
direction and distance from the origin of any 
other point is determined its position is 
fixed. Further i)aints can be fixed in a similar 
manner, or by determining their directions 
from two i)()ints already fixed, or by deter- 
mining their horizontal distances from two 
fixed points. In the latter case the height of 
the point must be determined separately, in 
tlio former case it is usual to measure horizontal 
angles only, and if this is done the height 
must also bo determined separately. The 
system of horizontal co-ordinates to be adopted 
do])onds on eiroutustanoos. When an appreci- 
able fraction of the earth’s surface is to be 
considered the co-ordinates used are latitude 
and longitude. 

§ (4) Latitude. — The latitude of a point is 
defined as the angle made by the vortical 
through the point with the plane of the equator. 
It is measured north or south from the equator. 
Strictly there are three different definitions of 
latitude — astronomical latitude as defined above 
and depending on the true vertical at the point ; 
geocentric latitude, which is the angle the lino 
from the earth’s centre to the point makes 
with the i>lano of tlio equator; and geographical 
latitiule, which is based on the supposition that 
the earth is a Bi)horoid of known compression, 
and is the angle that the normal to this spheroid 
makes with the plane of the equator. It 
differs from the astronomical latitude only in 
being corrected for the local deviation of the 
plumb-line. It is this latitude whiclx is used 
in mapping. The astronomical latitude of any 
point can bo found direct by observation on 
the sun. or stars, and can bo found without much 
difficulty with an error of loss than 0-3" (cor- 
responding to about 30 feet on the ground) 
using a fi-inoh theodolite, and with greater 
aoouraoy by using special instruments. The 
astronomical latitude is not absolutely constant 
for any point, but varies through a range of 
about 0'5" owing to the fact that the geomotrfe 
axis of the earth does not coincide absolutely 
with the axis of rotation. 

The angle between the true vertical at any 
point and the normal to the spheroid of 
roferonoe is known as the deviation of the 
plumb-line, and in places where this (or rather 


Its component in tne meriuian) varies tnc 
length of a degree of latitude as measured on 
the earth’s surface will also vary irregularly ; 
consequently astronomical latitudes are not 
suitable as co-ordinates for mapping purposes 
for large scale work. The deviation of the 
plumb-line may amount to over half a minute 
in exceptional cases, and in the absence of a 
geodetic survey there is always an uncertainty 
of a few seconds. Geographical latitudes are 
corrected for this deviation, and therefore the 
length of a degree of geographical latitude does 
not vary irregularly. When the latitude of 
the origin, and the spheroid of reference to be 
used, have once been settled for any survey, 
the geograpliical latitudes can be calculated 
from the measurements and used for mapping 
purposes, but the resulting values will depend 
on the spheroid adopted and on the (necessarily 
unknown) deviation of tlie xilumb-line at the 
origin. Consequently two surveys started in- 
dependently cannot in general bo expected to 
give the same values for the latitudes of any 
points common to both. 

§ (5) Longitude. — The longitude of a point 
is the angle between the meridian jilane through 
the jpoint and some standard meridian plane, 
and is measured east or west from the standard. 
The meridian jilane now almost universally 
adopted os standard is that of the transit 
instrument at Greenwich Observatory. The 
jilane of the meridian may be defined in two 
ways, either as the plane through the earth’s 
axis which contains the point, or as the jilane 
Iiarallel to the eartli’s axis which contains the 
vortical at the point. The first definition gives 
the geographical longitude and the second the 
astronomical longitude, the difference between 
them being the deviation of the xilumb-line in 
the prime vertical (the iilano passing through 
the vertical and perpendicular to the meridian)'. 
Geographical longitude is calculated in the 
same way as geographical latitude, but the 
determination of astronomical longitude is loss 
simiilo. The difference in longitude between 
two points is a measure of the difference in the 
local times of the two points, one hour of 
mean time corresponding to 16° of longitude. 
Local time can bo found by astronomical 
observations with an error of less than ^ 
second without much difficulty, but to deduce 
the longitude Greenwich mean time must also 
be known. This is the most difficult part of 
the problem. Kecont advances in wireless 
telegraphy have simplified this, and wireless 
signals can be recorded on a chronograph with 
a time lag of less than tJt second, and there 
now appears no reason why astronomical longi- 
tudes should not be obtained in the field with 
the same accuracy as latitudes, and with nearly 

‘ See do Graaf Hunter, The Earth's Axis and 
Triangulation, Survey of India, Prof. Paper, 10, Delira 
Dun, 1018. 


the same facility. In the past the only accu- 
rate method lias been by exchange of tele- 
graphic signals. This is only possible when 
arrangements can be made for the use of a 
telegraph wire between the field station and 
some station whose longitude is known. 
Transport of chronometers is not very satis- 
factory, as the rates of the chronometers are 
liable to change while they are being trans- 
ported, but this has up to now been the best 
method available where triangulation or tele- 
graphic determinations have not been possible. 
Recent improvements in chronometers, com- 
bined with the possibilities of rapid transport 
by aeroplane, have increased the accuracy 
possible by this method. A recent determina- 
tion of the difference in longitude between 
Paris and Greenwich shows the possibilities. 
In this Paul Ditisheiin used 13 chronometers, 
and took in all five trips between Paris and 
Greenwich, giving sixty-one separate deter- 
minations. The mean for the sixty-one was 
9 minutes 20-947 seconds ± -027, the probable 
error of one determination being 0-214 second. 
The mean of the French and British deter- 
minations by telegraphic methods in 1902 was 
9 minutes 20-953 seconds. 

Greenwich time can also be obtained by 
observations of the occultation of stars by the 
moon, or by observmg or photographing the 
position of the moon among the stars, but 
such observations are neither simple nor accu- 
rate. 

§ (6) “Figure oe the Earth.” — This is 
found by determming as accurately as possible 
the astronomical latitudes and longitudes of 
points coimected by a geodetic survey, and the 
figure so found is that which makes the result- 
ing deviations of the plumb-line a minimum for 
the stations considered. Naturally as geodetic 
surveys are extended more data become 
available, and fresh figures can be found 
which approximate more closely to the true 
gooid. For this reason surveys started at 
different times and in different countries have 
adopted different figures for their calculations, 
but these variations have little effect on the 
mapping of the various countries, and the 
labour of fresh calculations which would be 
necessitated by a change in the figure has not 
been considered to bo justified by any gain in 
accuracy that would result. Inconvenience 
arises, however, when two such surveys connect 
up with each other, ^ and as the existing gaps 
in geodetic triangulation become filled up, the 

^ Monthly Notices, Royal Astronomical Soc. Ixxx. 
809. 

* A striking example of the inconvonlence caused 
by surveys which had not boon reduced to a con- 
sistent whole, but which connected or overlapped. Is 
given by the theatre of operations of the British 
Armies in France and Flanders in the late war. 
There wore no less than five good, but conflicting, 
systems of triangulation in tills area. Bee Oeogravhieal 
Journal, lili. 263. 


question of recalculation, so as to make a 
consistent whole, will have to bo seriously 
considered. 

§ (7) Rectangular Co - oiiDiNATES. — In- 
stead of using geographical co-ordinates 
(latitude and longitude), it is frequently 
preferable to use rectangular co-ordinates, 
and these are invariably used in large-scale 
work. The position of any iioint on the 
earth’s surface can bo defined with reference 
to any other point chosen as origin by the 
intercept of the great circle at right angles 
to the meridian through the origin and jiassing 
through the jiuint (a- co-ordinate), and the 
distance along the meridian from the origin 
to the intersection of the great cii-clo (y co- 
ordinate). Rectangular co-ordinates as thus 
defined arc strictly accurate means of defining 
the position of points. Geographical and 
rectangular co-ordinates can be converted 
the one into the other.® 

The rectangular co-ordinates of traverse 
paints or trigonometri<;al points, whoso latitude 
and longitude are nut required, are generally 
calculated as follows. 

A (Fig. 1) is the origin, AY the meridian, 
AX the great circle perpendicular to the 
meridian. Then the co-ordinates (x^yy^) of B 
are given by a:i =iAB sin a and ?/]:=AB cos a, 
whore a is the azimuth, or true bearing of 
the first side AB. Similarly, if /S = ABC-a, 
*2 = BG sin (f, and - BG cos j-i, the co-ordinates 

of G are (Xy + x^){yy-y^). Similarly the co- 
ordinates of D and further points can bo fomid. 
It will bo noticed that 
in the case of a tri- 
angulation such as is 
shown in Fig. 1 the 
co-ordinates of G can 
be found either from 
B or A, and those of I) 
from B or C. It is 
generally advisable to 
compute botli ways so 
as to provide a chock on the arithmetic. It 
must also be noticed tliat once the initial 
meridian has been loft the angles [i, 7, etc., 
are no longer the true bearings of the sides, 
and must never bo used as such. They 
are commonly known as “ false bearings,” 
and differ from the true bearings by an 
amount known as the convorgonco of the 
meridians. This method of calculation as- 
sumes that the perpondimfiars dropped from 
the points B, G, etc., to the axes are ])arallol 
straight lines. In reality the perpendiculars 
to the Y axis are portions of groat circles, 
and therefore not parallel to each other nor 
to the axis of X, hence as the points got 
further from the Y axis the y co-ordinates as 
calculated become larger than their true 

® Sec A. ft. Clarke’s or other book on Deodesy ; or 
C. F. Close, Text-book on Topograjihical Purveying. 
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of tho distance from the meridian, and amounts 
to about 1 ft. per mile at a distance of 75 
miles from the meridian. The errors of the 
X co-ordinates, and those of the y co-ordinates, 
due. to increasmg distance from the X axis, 
are much less serious. This method of 
computing, tlinugh extremely useful, must 
not bo continued too far from the initial 
meridian. 

§ (8) Mai> Projkotions. — In order to form 
a map tho points must bo plotted on a plane 
surface, and sumo orderly system of construct- 
ing tho meridians and parallels must be 
selected for this ]mrpose. Such an arrange- 
ment is called a map projection, although it is 
not, as a rule, a projection in the geometrical 
sense of tho term. As tho surface of the 
earth is curved it is impossible to rej^resent 
it without distortion on a plane surface. 
For small areas, whore the departure of the 
earth’s surface from a plane is small, it does 
not matter much what projection is selected, 
and points are generally plotted by treating 
their (spherical) rectangular co - ordinates as 
X)lano CO - ordinates. In a map covering a 
largo area of ground the main points must 
bo plotted either from their geographical 
oo-ordinatos, or from these reduced to plane 
rectangular co - ordinates, according to the 
projection adopted. In the case of large- 
scale work minor points are plotted by 
rectangular co-ordinates, and the consequent 
errors are prevented from accumulating to 
any approoiablo extent by shifting tho origin 
used from one principal point to another as 
tho work proceeds. Tho various ma}) pro- 
jections in uso arc dealt with in a special 
article. 

§ (9) MuTiiona oir Misasuhembnt. — The 
actual measuromonts required in tho field 
are of two kinds : 

(a) Length measuromonts, either direct by 
moans of measuring rods, cliains, tapes, etc., 
or indirect by tho uso of angular moasuro- 
monts. (5) Angle measuromonts. Generally 
horizontal and vortical angles are measured 
separately. Tho instruments most used are 
theodolite, compass, or plane table, for 
horizontal angles ; theodolite or clinometer 
(with either a spirit-level or plumb-bob) for 
vertioal angles ; and the sextant for direct 
angles. 

These fundamental measuromonts can be 
combined in various ways. For obtaining 
horizontal co-ordinates tho following methods 
oan be adopted : 

(i.) Triangulalion.—l!]m consists of forming 
a network of triangles, built up one on tho 
other, tho distance between two points being 
first accurately measured by a base measuring 
apparatus. Tho angles of tho triangles being 
then measured with a theodolite, tho lengths 


This method is the best for providing the main 
framework of any extensive survey, and is the 
only one used for geodetic work. It should 
always be used where circumstances permit 
(see § (10)). 

(ii.) Traversing. — Traversing consists in pro- 
ceeding from point to point in straight fines. 
The distance between iioints is measured 
directly, and changes of direction are measured 
at each point by means of theodolite or 
compass. Traverses are used in close country, 
s\ich as towns or forests, where triangulation 
is impossible or unduly expensive, or for 
railway or road location surveys where the 
survey of only a narrow strip of land is 
required. They are generally used in conjunc- 
tion with a triangulation (see § (11)). 

(iii.) Detail Survey. — Detail survey consists 
in the filling in of minor jpoints of detail 
between the trigonometrical or traverse points 
already fixed. It is generally carried out by 
simple length and angular measurements 
(chain survey, etc.), or in some cases by large- 
scale plane-table worlc (see § (16)). 

(iv.) Plane - tabling. — The plane - table con- 
sists simply of a drawing - board mounted 
horizontally on a portable stand. The detail 
is drawn straight on the board in the field. 
An alidade, or sight - vane, consisting of a 
ruler fitted with sights, enables rays to be 
drawn on tho board in the direction of the 
various points. Points are fixed by interpola- 
tion or resection from known points, or by 
a system of graphic triangulation, or by 
means of directions determined graphically 
and distances by tacheometric moans (see 
§ (16)). 

(v.) Tacheometric or Stadia Survey. — In this 
case distances are measured indirectly by tho 
angle subtended at the instrument by a 
known length at tho distant point. If tho 
bearing of the point is known the co-ordinates 
of the point can bo calculated, or its position 
plotted by protractor and scale (see § (20)). 

(vi.) Astronomical Observations. — Astro- 
nomical latitudes, local time, and the direction 
of tho true north oan bo obtained from 
observations on the sun or stars. As already 
explained, such observations are required 
for determining the position of tho origin 
and tho orientation of new surveys, and for 
geodetic purposes. They are also useful as a 
eheck on route traverses and rough tri- 
angulation, Tho determination of an azimuth 
is often required in many classes of survey 
(see § (23)). 

(vii.) Photographic Surveying. — Photographs 
can be used for measuring angles if the focal 
length of the lens used is known. Such 
methods are sometimes of uso in mountainous 
country, and tho recent developments in 
aviation have opened up possibilities of 


surveying by means of photographs taken 
from aircraft. 

The general utibty of photographic methods 
is, however, much debated, and for a complete 
topographic survey plane-table methods are 
generally preferable, but photographic methods 
may be useful in very rough country, or for 
location surveys in mountainous country.’- 
Elaborate apparatus for plotting from photo- 
graplis has been made, notably by Zeiss. 
A full description of the different apparatus 
available, together with a bibliography, is 
given by Max Weiss.® 

Survey from aerial photographs suffers at 
present from two great disadvantages: (1) 
The apparent direction of gravity in an aero- 
plane depends on the acceleration of the 
aeroplane, consequently the direction of the 
true vertical is not known. This difficulty 
can be overcome if sufficient points, whose 
position and height are known, can be accur- 
ately identified in each photograph, but the 
result is that a stronger and more expensive 
trigonometrical control is needed than would 
be required for ordinary methods. (2) The 
difficulty in obtaining an adequate know- 
ledge of the relief of the ground. In any 
case it is only the tops of walls, houses, etc., 
that can be fixed accurately, Avhereaa the 
ground plan is usually required by surveyors. 
The overhang of trees and buildings creates 
further difficulty. These disadvantages make 
the method of little use in closely inhabited 
country. On the other hand, aerial photo- 
graphy proved of great use during the war 
to fill in fresh detail in inaccessible country, 
and is also of use in the survey of flat country 
that cannot easily be walked over, and for 
the rapid survey of high-water mark on the 
coasts or in flooded aroas.^ 

The vertical co-ordinates are found in the 
following ways : 

(а) Levelling. — Readings are talcen on a 
vertical scale by means of a horizontal lino 
of sight. The difference of two such readings 
from the same position of the instrument 
gives the difference of height of the two points 
on which the scales are supported. By a 
succession of such readings the heights of 
successive points are obtained. This is the 
most accurate method (see § (29)). 

(б) Trigonometrical Determination of Heights. 
— ^If the distance of a point is known and the 
vertical angle to it measured, the height of 

* See r. Matiolc, Osterreichischer Ingcnieur- uni 
Architekten-Verein, Zeitschrift, Ixxli. 73. 

“ Die aescMcMKche Entwicklung der Photogram- 
nietrie und die Jiegrilndung Hirer Verwendbarkeit fUr 
Mess und Konslruktionszwecke (Stuttgart), 1913. See 
also R. Helbllng, Schweizerische Bauzeitung, IxxvU. 6 
and 13, and W. Sander, Zeit. Inslrumentenk. xU. 1, 33, 
and 66. 

“ See Oeographical Journal, Ivl. 201 and 481 ; also 
C. G. Lewis and H. G. Salmond, Survey of India, Prof. 
Paper, 19. 


the point above, or below, the instrument 
can be calculated. J'’or distant points allow- 
ance must be made for the curvature of the 
earth and for atmospheric refraction. The 
method suffers from the uncertainty of the 
allowance for refraction, and the errors from 
this cause increase rapidly with the distance.^ 

(c) Barometric Methods. — Measurement of 
the atmospheric pressure by means of an 
aneroid, or otherwise, is the quickest method 
of determining heights, but as the pressure 
varies according to the “ weather ” as well as 
the height, this method gives only rough 
results in most cases. 

The various methods set out above and the 
instruments used will now bo considered in 
more detail. 

II. Triakgxtlation 

§ (10) Trianoulation. — If the length of one 
side, and the three angles, of a triangle are 
known, the lengths of the other sides can be 
calculated, from whence it follows that if the 
angles in any figure built up of triangles are 
measured, together with the length of any 
one side, the lengths of all the other sides can 
be calculated and the apices of the triangles 
fixed. The measured side is called the base, 
and its method of measurement is described 
later. The figure may consist of a chain of 
triangles, of quadrilaterals, of polygons, or 
of a network, as shown at (a), (6), (c), and [d) 





of Fig. 2. Although it is sufficient to measure 
two of the three angles of each triangle it 
is better to measure all throe, as this gives 
a measure of the accuracy and prevents 
mistakes. The International Geodetic Associa- 
tion classes triangulation as follows : First 
order has a triangular error not exceeding 1", 
second order not exceeding 6", third f)rder 

‘ See article on " TrlRonomctrical Holchts and 
Terrestrial Atmospheric Itefractlon," Vol. 111. 





iiuu uAtniiHiiiifi; U) , lourcii oraor oxcoeding 
15". Ill a lii’rit-cdaHS cxtonsivo survey tlioro 
a.ro geuiorally throe olaasos of triangulation. 
The “primary” Hheuld, if possible, bo of 
the lirab (U'dor of aoeuraoy, or should closely 
Hpproaoh it. Tho sides of the triangles would 
tbvorago ;U) to -10 miles (uj) to 100 milos have 
been observed). All angles aro tnoasured, 
niid a 10- or 12-in. inieromotor theodolite 
in used. This forms a backbone, or main 
framework for tho survey. Tho “ secondary ” 
triaugulation is oarriod out with (1- or 8-in. 
iustrumouts, with fewer obsorvations, and tho 
longtliH of tlio sidcis aro shorter. Errors aro 
Ijrovoutod from aoeumulating by adjusting 
tho results to those of tho primary work. 
Finally tlio whole country is covered by a 
“ tertiary" network, based on tho secondary 
work. Tho length of tho sides depends on 
tlio scale of tho map recpiirod, and for large- 
Bcalo work would average about milos. 

When time and funtls permit, it is always 
lulvisablo to provide a framework of first 
ardor triangulation. This will then servo 
for any survey that may be required in tho 
future; and if aoourato large-scale surveys 
nra started in vaiious parts of tlie country 
this framework ensures tliat they will jt)in up 
tjurrectly wlion they moot. If it is impossible 
■to carry out such work, tho rnaiti framework 
should be of at least suineiont accuracy to 
ansure that no error is introduced which will 
bo plottable on tho scale of tho maf) which it 
is to control. 

With any extemded system of triangulation 
it is always advisable to measure one or more 
cslieck bases, at oousiderahie distances from 
the original. Bases can now ho motisurod so 
msily that modem [n'actioe toads to multiply 
th(< number measured. 

'I’ho errors in primary work aro always 
adjusted by tlie method of least squares. 
Tlie aecuraey depends not only on tho aoeuraoy 
af moasuremont, hut also on the “ strength ’’ 
of the figure. In a Hinn)lo chain of triangles 
((a), Fig. 2) the triangles are all independent, 
and tho only atljustment made is by clistribut- 
iag tho triangular ciTfU’ between tho throe 
angles. In other words, there aro three 
unknown errors, and only one conditional 
etiuation that must bo fiilHllod by the oorreet 
angles. In tlio ease of a chain of quadrilaterals 
((6), Fig. 2), while oaoh quadrilateral is in- 
de[)endont, eight angles aro measured, but 
tliero aro four conditional equations ocmnocting 
them, honca^ the errors can be distributed 
better and the flgjiro is “ stronger.” Tho 
atrength also depends on the figure being well 
aonditionewl ; e.g. an equilateral triangle is 
Btrongor than one containing an acute angle. 
Mom ctmi plicated figures are still stronger, 
but as their strength increases so does tho 
labour in adjusting them. Choe.k btvses 


provide a further correction, which must be 
applied throughout tho chain connecting each 
pair of bases, it being usnally considered that 
the measuroel lengths of the bases are errorless 
compared with those calculated through the 
triangulation. Similarly a chain closing on 
itself, or on a previously adjusted chain, so 
as to form a closed circuit, irrovides a further 
condition. Modern i)racticc tends to adopt 
chains of quadrilaterals, forming a grid or 
network, with occasional more complicated 
figures as may bo necessitated by base 
extensions or topographical conditions. 

In first order work the signals observed 
to are generally lanij)8 or hcliostats, work on 
lamps at night giving the best results. If 
opaque signals are used, care must be taken to 
avoid a construction that presents variations 
in phfiso aocording to tho direction from which 
tho light falls upon it. All stations must 
bo carefully marked and described so that 
they can be found again in later years. It is 
desirable to have concrete or bride pillars to 
support the instrument and tho lamps. In 
flat or wooded country it may be necessary 
to oroot towers to support the instrument 
so as to got a auflicioutly clear sight. 

III. Teaverses 

§ (11) General. — A traverse consists of a 
series of straight linos on tho earth’s surface, 
tho lengths and bearings of wliioh are measured. 
Each, straight sootion is called a leg, Tho 
bearings of oaoh log may bo obtained in- 
dopondontly by compass, or tho hearing of tho 
first may bo measured or assinnod and tho 
bearing of oaoh successive leg determined by 
measuring tho angle made with tho preceding 
leg. Traverses may bo made in many ways, 
and with all degrees of accuracy. Tho 
distances may bo measured by pacing, by 
time, by counting the revolutions of a wheel 
run along tho ground, by chain, by steel or 
invar tape, or by taohoomotrio motliods, and 
tho angles by prisinatio compass, by theodolite, 
or by direct plotting on a plane-table, 
Aoourato traverses jnay be used for tho 
secondary framework of an oxtonsivo survey 
whore tho conditions aro such as to make 
triangulation difficult or impossible ; such 
conditions obtain in denso forest or flat grass 
country whore high towers of some sort 
would have to bo built for tho stations of a 
triangulation, causing groat expense. Modern 
dovolopmonts in tho use of stool or invar 
tapes for rapid and aocurato measurement of 
longtli liavo greatly increased tho accuracy, 
and hence tho application of this ty^)© of 
travorae (see also § (41)). 

Traverses are most widely used for roughly 
mapping travellers’ routes, and for detail work 
in towns and close country. 




Traverses are also used where a large- 
scale map of a narrow strip of country 
is required, such as a railway survey, and 
also for mining work where triangulation is 
impossible. 

§ (12) Use op Tapes. — For town traverse 
work the tapes are generally stretched along 
the ground, the tension being applied by a 
spring balance, and the slope measured by 
the theodolite at the same time as the hori- 
zontal angles. In rough or jungle country 
it is convenient to use long tapes, up to 
5 or 10 chains in length. In such eases it is 
generally best to let the tape hang free clear 
of the ground, supported at intervals of every 
chain, or some other convenient distance. 
For traverse purposes these intermediate 
supports can be wire nails driven into the 
sides of rods, the rods being held vertically 
by assistants ; the supports must be aligned 
vertically and horizontally. 

In using a spring balance for applying the 
tension it must be remembered that the tension 
indicated by the dial is that applied to the 
hook when the balance is in a vertical position 
with the hook downwards, i.e. it is the tension 
of the spring minm the weight of the drawbar 
and hook; the tension indicated is therefore 
too low, when the balance is held in any other 
position, by an amount iy( 1 - cos a), where w 
is the weight of the drawbar and hook attached 
to the springi and a the angle made by the 
balance with the vertical, reckoned as 0 when 
the hook is downwards and 180° when the 
hook is upwards. 

In order to provide a check on the 
measurements it is useful to have the tape 
graduated on the back and front in two 
different units, e.g. feet and links, or feet 
and meters. 

§(13) Measurement oe Angles. — The 
method of measuring the angles with a theo- 
dolite is similar to that employed in triangula- 
tion, but the following special considerations 
apply. As the bearing of any leg is burdened 
with the accumulated error of all the angles 
measured up to the point considered, the 
accuracy becomes of special importance irre- 
spective of the length of the leg sighted. It 
is therefore of great importance, especially 
when using short legs, that the traverse 
points should bo very finely marked, that 
both theodolite and signal should be care- 
fully centred, and that the signal should 
be such that it can be accurately bisected. 
The longer the legs the less important this 
becomes. 

§ (14) Computing and Plotting. — Traverses 
can obviously be plotted direct with a pro- 
tractor and scale, but it is almost always 
better to calculate the co-ordinates of the 
points. Such co-ordinates, or their differ- 
ences, are frequently known as " latitudes 


and departures or “ Northings, Eastings,” 
etc. 

Traverses should always be run between 
points already fixed, or be closed on the starting- 
point ; this enables the total error to be deter- 
mined. The errors accumulated depend on 
the accuracy of both the length and angular 
measurements, and the problem of distribut- 
ing the errors found in the best manner does 
not lend itself to any simple solution. There 
are two main cases, (1) where the bearings 
are measured by compass, in which case the 
error in bearing is not accumulative, and (2) 
where the angles between successive legs are 
measured, in which case the error in bearing 
increases as the square root of the number of 
angles (assuming that all angles are read -with, 
equal accuracy). In distributing the errors it 
is usual to correct the angles or bearings 
independently of the lengths. In any closed 
traverse the correct sum of the angles can be 
calculated and the error divided equally among 
the measured angles. The same applies when 
traversing between trigonometrical points. 
These corrected angles are used in the calcula- 
tions, and the remaining errors are distributed 
by corrections applied to the co-ordinates. 
The simplest method is to divide the total 
error in latitude equally among the stations, 
and similarly wth departures. A better way 
(on the assumption, generally correct with 
careful theodofite traverses, that the length 
errors are large compared with the angular 
errors) is to use the following rule : “ As the 
arithmetical sum of all the latitudes is to any 
one latitude, so is the whole error in latitude 
to the correction to the corresponding latitude, 
and so with the departures.” ^ 

The angular error can often be checked at 
intervals by observing angles to points already 
fixed, or by astronomical azimuths. Length 
errors can only be checked by closing on fixed 
points, or, in the case of rough exploration 
surveys over long distances, by astronomical 
observations of latitude and longitude. 

IV. Detail Surveying 

§ (15) General Methods. — The detail on 
large-scale surveys may be inserted by stadia 
methods {g.v.), by plane-table work {q.v.), or 
by chain survey. In small-scale work the 
plane-table is generally used. The surveyor’s 
chain consists of links of iron or steel wire 
connected by rings, and with a brass handle 
at each end. In countries using English 
measures the chain is generally 66 ft. long, 
divided into 100 Links, every tenth link being 
marked by a brass tab. As ten square chains 
are one acre, this forms a convenient decimal 
system for the measurement of areas ; 100 ft. 

* See J. 13. Johnson, Theory and Practice of Survey- 
iny, 17th ed. p. 235. 
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o bo Hurvoyetl oan be split up into triangles 
generally starting frtnn a triangle of the 
lortiary triangnlation) the sides of which are 
neasured. The position of detail points are 
Ixed by the distance along the line chained and 
ho distance from the nearest point on. the lino 
neasured (at right angles) by moans of a gradu- 
ited rod or tape. Such distances are called 
‘ ollsets.” Offsets should bo koi)t short, or the 
irror in estimating the right angle will become 
.00 groat. Cross staves «)r optical squares oan 
)e used to give the right angle if long offsets 
iro necessary. The simplest form of optical 
iquare consists of a ])ontagonal prism with 
■olloction at two faces including an angle of 
la". It is more accurate, and now more usual, 
.0 use a graduated steel tape instead of a 
ihain. Allowance for slope is made by 
istimation, or by measuring the slope by 
(linoiuetor and calculating the correction, 
riie field work is booked in a field book, all 
listancos being booked as total lengths from 
.ho start of each eshained lino. Although the 
ihaiuing of the throe sides of a triangle, or the 
our sides and one diagonal of a quadrilateral is 
uffioiont to determine it, it is advisable to 
ihain also a tie line, i.e, a lino from the apex 
>f the triangle to a known point on the base, 
ir the second diagonal of a quadrilateral. 
Lius gives a cheek, and tests the accuracy of 
ho work when plotted. 

V. PnANH-TABUNO AND PliANB-TABLUS 

§ (1(1) Plank-tablino. The plane-table 
onsists essentially of a drawing- board mounted 
lorixontally on a portable tripod, and capable 
if btdng adj ustod in azimuth. AeooBsories used 
rith it are a ruler prtivided witli sights (eitlvor 
ipen or toloseopie), a compass, and a olino- 
iioter, I’lu) sightodrulorisoallodtho “ alidade.” 
.’he plane-tables is used for tojsographic survey, 
ho detail being drawn in dirc'ct on the paper, 
.nd as a rules on the scale required for the 
nished map. Huch scale may bo anything 
rom about 1/250,000 upwards. It is not 
(Ivisable to work to a larger scale than that 
f the (inol map as this entails a larger number 
f field shetsts, limits unnooossarily the number 
f trigonomotrioal points that can bo plotted 
ri the shecst, and loads to an unnecessary 
mount of detail being plotted, and lienoo to 

WMto of time. The only advantage is that 

lower standard of draughtsmanship oan ho 
sod, Tf a larger scale map is likely to bo 
xiulred in the near future it should, how- 
ver, be oonsidered whether the larger soaio 
undd not ho adopted at onoo for the Hold 
■ork. 

The general prinoiplo of the work is as 
sllows. A certain number of points are fixed 
rst by triangulation, and carefully jslottod to 


scale on the held sheet. The distance between 
such points dojsends on the scale, a convenient 
rule being that they should be about 4 in. 
apart on the field sheet. If the plane-table 
ho now set up and levelled at any fixed point 
A on the ground, the sight rule laid along the 
line AB (where B is another fixed point 
visible from A), and the table turned till the 
distant station B is intersected by the sights, 
the tabic is said to he oriented, and if the 
sight rule be laid along the line joining A to 
any otlior fixed point, tliat point should be 
intorsootod by the sights. Similarly the line 
giving the direction of any other point from 
A can ho drawn in ; two such lines to any 
point from two different settings up of the 
table fix its position, and any subsequent lines 
servo as a check. Stations so fixed and 
chocked are termed intersected points, and 
oan bo used in fixing further points. If the 
distance of any point bo known, or estimated, 
this distance can bo laid off along the line 
and the iioint fixed. Detail in the neighbour- 
hood of any fixed and occupied point can thus 
bo drawn in. The accuracy of measurement 
or estimation required depends on the scale, 
as nothing is gained by an accuracy of measure- 
ment greater than the accuracy of jfiotting. 
It is always desirable, when the table is first 
oriented, to mark the magnetic north by 
means of tlie compass, as the plane-table can 
then always bo oi-ientod approximately by 
compass. 

If the table bo sot up at any unknown point 
from which throe fixed points A, B, and G can 
bo seen, the position can be determined by 
“ interpolation ” or “ rosoction.” ^ There are 
various ways of doing this, but the simplest 
is as follows. The table is approximately 
oriented by compass, and rays are drawn from 
the throe points ; if the orientation is Correct 
these rays will moot in a point, which is the 
required position. If (as is probable) they do 
not moot they will form a small triangle, 
known as the triangle of error, and the true 
position can ho determined by the following 
rules: (1) If the triangle of error lies within 
the triauglo formed by the three points, the 
position is within the triangle of error ; (2) If 
the triangle of error falls outside the triangle 
formed by the three points, the position is 
either to the loft of all tlio rays wlion facing 
the fixed points, or to the right of all ; (3) The 
distance of the point from any ray is pro- 
portional to the length of the ray. Prom 
those rules the position of the pomt is estimated 
and marked, the sight rule is placed along the 
lino joining this position t:) tliat of tho most 
distant of tho fixed points, and directed on 

' Tn Ainorlea tho term rpsaotion is also applied 
wlioro one ray has boon dra wn to tlio point from a 
pi'oviously occupied point, and the flxhip: is completed 
ny rays drawn at tho unknown point from llxed 
points. 




the point by revolving the table, and the 
orientation is then checked on the other points, 
or on any further points visible. If there is 
still an error the process must be repeated. 
This method fails if the i30sition of the station 
lies on a circle passing through the points A, 
B, and 0, and is inaccurate if it lie near such 
a position. 

In small-scale work the stations at which 
the table is set up are fixed by intersection or 
resection, and the detail sketched in round 
them. Fixings should always be made from 
trigonometrical points if possible, and if not, 
from points that have been carefully inter- 
sected or resected and checked. By this means 
errors are prevented from accumulating. 

(i, ) A Plane-tMe Traverse . — The plane-table 
is not suitable for use in forest country, where 
sights to distant objects can seldom be ob- 
tained for fixing the positions, but it may be 
necessary, even in generally open country, to 
folloAV a stream or path where ordinary fixings 
cannot be made ; in such a case it may be 
necessary to carry out a plane-table traverse. 
The plane-table is set up and oriented at the 
start of the traverse, and a ray drawn in the 
direction of the first leg (all legs should be as 
long as possible) ; the distance to the first 
station is measured and its position marked. 
The table is then set up at this station and 
oriented by the back ray, and the direction of 
the second log drawn, and so on. As soon as 
a position is reached wMch can be fixed by 
ordinary methods the traverse should be ad- 
justed as follows : if 1, 2, 3, ... 6 are the 
stations of the traverse and the true position 
of 6 be found to be /, draw lines 26, 3c, . . . 
through 2, 3, . . . parallel to 6/ so that their 
lengths bear the same proportion to 6/ as the 
lengths 1-2, 1-3, .. . bear to 1-6, then 6, c, d, 
. . . are the adjusted positions of the traverse 
points. If the legs are necessarily very short 
and the traverse long, errors in direction may 
accumulate rapidly, and it may be better to 
make a compass traverse and plot it afterwards 
(see “Traverses,” ante § (11)). 

(ii.) Oraphic Triangulation . — A graphic tri- 
angulation can be carried out if necessary, but 
this should be avoided if possible except for 
such special purposes as a preliminary recon- 
naissance for theodolite triangulation, etc. 
For such purposes a telescopic alidade should 
be used. Special care should bo taken to get 
well conditioned triangles, and if possible 
the graphic triangulation should be tied in 
to a theodolite triangulation and adjusted 
to it. 

The above method of using the plane-table 
is the usual British ^ practice. 

1 (1. P. Close, Text-hooli of Topographical and Oeo- 
graphical Surveying (2nd ed., 1913) ; Report on the 
Topographical Survey of the Orange Free State, 1905- 
1911, published by the War Office, 1913. 


(iii.) American and Gontinenial Practice . — 
This has been to use the plane-table for larger 
scale work, and to provide it with more 
elaborate adjustments for levelhng and orient- 
ing. Telescopic alidades are used, and detail 
fixed by means of stadia readings, taken either 
from a separate instrument or by means of 
stadia hairs in the alidade telescope. This 
method ® gives the position and height of aU 
points at which the stadia rod is held up to 
a distance of about -j- mile from each station 
occupied by the ifiane-table. 

§ (17) Plane-tables and Accessories. — 
The British Army pattern of plane-table is 
the simplest form and consists of a drawing- 
board 18 X 24 in. attachable to a simple 
tripod by a screw. The levelling is done 
entirely by suitably placing the legs. When 
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the screw holding the top is slacked off, the 
top can be turned horizontally. Fig. 3 
shows three simple patterns of plane-tables; 
the centre one has a “ Joh n son ” ball-and- 
socket levelling head. In this case the upper 
clamping screw clamps the top so that it 
cannot tilt but can rotate in azimuth until the 
lower screw is tightened. Smaller patterns 
and stands with folding legs are also used, 
but folding legs, though more portable, are 
apt to be less rigid. It is convenient on steep 
ground to have one leg whose length can be 
adjusted. The paper is usually mounted on 
linen, and then damped and stretched over 
the board, the edges turned over and glued 
to the back. When dry this forms a good 
smooth working surface which does not cockle, 
but suffers from the disadvantage that the 

® J. B. Johnson, Theory and Practice of Sxmwying 
(17th ed., 1914) ; Coast and Oeodetic Survey Report, 
1905, Appendix 7. 


paper distorts considerably on being removed, 
and it is impossible to remount the paper when 
onee it has been taken from the board. As a 
result the trigonometrical points can only be 
plotted after the paper is mounted, and if 
the field sheet has to be sent for further points 
to be plotted, or for revision or amplification, 
the whole plaire-table top must be sent, and 
no such work can usefully be done when the 
paper has once been dismounted. Even if 
the paper is kept mounted a certain amount of 
distortion occurs, as the table top itself expands 
and contracts with varying moisture, and does 
so unevenly, expanding more across than 
along the grain of the wood. A method 
tried with some success in India consists in 
pasting the field sheet (preferably of Bristol 
board) firmly along one long edge of the 
plane-table by means of a strip of cloth. 
The other three sides are cut so as to leave 
a J-in. margin of plane-table toj). Strips of 
cloth are then pasted along the upper surface 
of the field sheet and the under surface of the 
plane-table. The cloth is pulled tight but 
the paper is not wotted. If the wood now 
shnnks the cloth will get slack but the sheet 
will not cockle. 

In any ease of paper, Bristol board, or paper 
mounted on wood, more or less expansion, etc., 
will take place ; and although uniform expan- 
sion or contraction can bo remedied by 
photography for final reproduction, it compli- 
cates the comparison of edges of adjacent 
sheets and the plotting of trigonometrical 
points, and if the expansion is not uniform 
it necessitates re-drawing for the final map. A 
method ^ which appears to overcome all these 
diffioulties is to mount the paper on linen, 
and then paste or glue this down to an 
aluminium sheet. The aluminium is grained 
to take the glue and is the same size as the 
top of the table ; the linen extends about 3 in. 
over the sides and ends of the aluminium 
sheet; these extensions provide overhanging 
flaps which are stiffened by aluminium strips. 
The flaps are turned under the table top, and 
spring hooks engage in holes in the strips and 
keep the whole firmly attached to the board 
(see Fig, 4). The plane-table top itself need 
only be a framework, and the whole arrange- 
ment is lighter than the ordinary i)attem. 
The field sheets form a permanent record 
which can bo attached to or detached from 
the plane-table as often as may be required. 

American surveyors usually clip the paper 
to the board, or clamp it down by countersunk 
screws; the use of celluloid sheets with such 
clamping screws is satisfactory, but even this 
is liable to cockle. 

For large-scale work, particularly when a 
telescopic alidade is used, it is desirable 

' H. St. J. L. Wlntorbotham, R&yal JSngimera’ 
Journal, 1919, xxx. 233. 


to have arrangements for more accurate 
levelling, and both hall and socket heads and 
levelling screws are used for this purpose. 
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A slow-motion traversing screw is also desir- 
able. These attachments add considoralfiy 
to the weight of the outfit. Fig. 5 illustrates 
such an outfit. 



§ (18) AniDADE. — The alidade or sight-rule 
should be about as long as the short side of 
the table. The simplest form consists of a 
wood rule with folding sights, the back sight 
having a vertical slit and the fore sight carry- 
ing a stretched vortical thread. The precise 


parallelism of the sight line and the edge of 
the rule is of no importance provided the 
same edge of the rule is always used. It is 
a gi'eat convenience, and mth telescopic 
alidades almost essential, to have the actual 
edge used for ruling on an arm moving f)arallel 
to the rule ; tliis makes it unnecessary to pivot 
the alidade on the point, the arm being moved 
up as required after the ahgnment has been 
made. For ordinary small-scale topographic 
work based on an adequate triangulation a 
simple sight-rule is the best. 

The telescope, when used, should be similar 
to that on small theodolites, and be provided 
with stadia hairs, and with a vertical arc 
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and spirit-level for reading angles of elevation 
and depression. No iron or steel should enter 
into any part of the alidade or plane-table. 
Fig. 6 shows a telescopic alidade "with parallel 
motion and “Beaman Arc” (see also § (21), 
(v.)). 

§ (19) Agobssoeies. — The most suitable 
type of compass is a simple trough compass, 
4 to 6 in. long, jireferably fitted with a lid to 
protect the glass, and with a catch which lifts 
the needle from its pivot when the lid is closed 
(see Fig. 6). 

For small-scale work no plumb-bob or special 
centring device is needed ; a foot or two in the 
position of setting up will make no difference, 
but in large- scale work the table should be set 
up so that the plot of the point is vertically 
over the station mark. A plumbing bar is 
useful for this purpose. The illustration 
{Fig. 6) is self-explanatory. 


VI. Taoheometric oe Stadia Surveys 

§ (20) General Methods. — Tacheometry 
means literally “ quick surveying,” and the 
general principle is illustrated in Fig. 7. 

0 is the observer, AB a rod of known length, 
C being the mid-point of AB, and 00 per- 
pendicular to AB. Then if a is the angle 
AOB, 


If the rod be not perpendicular to 00, but 
takes a position A'B', making an angle /3 -with 
AB, then the formula becomes 

AB , a 

00 = -g- cot 2 cos /3. 

If OC is inclined to the horizontal by an 
angle y, then the horizontal distance of • 0 
from O is 00 cos y, and the height of 0 
above O is 00 sin y. If the direction of 00 
is known, then the position of C with respect 
to 0 can be determined at once from measure- 



ments taken at 0. This method is in many 
cases more rapid than chaining and levelling, 
and especially useful where it is difficult to 
measure the distance OC directly. 

The practical methods of applying this fall 
into two oases : (1) where a is a fixed angle 
and AB is a graduated rod, the intercept 
AB being observed from 0 ; this is generally 
called stadia surve 3 ang ; (2) where AB is a 
known length and the angle a is measured; 
this is generally called the subtense method, 
though this term is used differently by different 
writem. In subtense work the angle a may 
either be measured by the arc of a theodohte, 
or by a micrometer eyepiece in the telescope. 

§ (21) Stadia Work. — The angle a is 
determined by two cross hairs in the focus of 
the telescope, and the portion of the graduated 
staff (stadia rod) intercepted by these two 
cross hairs is read off. The stadia rod is 
either an ordinary levelhng rod, or a similar 
rod with rather larger divisions for use at 
long ranges. Stadia methods are chiefly of 
use in filling in the detail in large-scale topo- 
graphic work. 

(i.) General Methods . — In Fig. 8 0 is the 
object-glass of an ordinary telescope of focal 
length /, S is the rod, the image of AB (length 
1) being formed at ah where a and h are the 
stadia hairs of the telescope at a fixed distance 
p apart. V is the vertical axis of the telescope, 


c io the distance VO, e the distance FS, where 
P is the first focal point of the object-glass. 
A ray of light from A which passes through 
F will meet the object-glass in a' and be 
refracted parallel to the optical axis to the 
cross hair a, similarly with a ray from B. 
The figure shows at once that c/Z=//j9, and 
R = e-i-/-l-c = (Z/p)/-|-/-l-c, irrespective of the 
distance the cross hairs ab have been racked 
out in order to focus the staff. Here p, f, 
and c are all constants, so we can write simply 
'R—M + m, where k and m are constants. The 

A 



cross hairs are usually placed so that 7r = 100, 
but sometimes fc = 66 (in wliich case I in feet 
gives e in chains), or ]c = 200 (for long-distance 
work). The value of m=/-f-c can be obtained 
with sufficient accuracy by measuring the 
distance (/) from the centre of the object-glass 
to the diaphragm when the telescope is focussed 
on a distant object, and from the centre of the 
object-glass to the vertical axis (c). 

It is usual in stadia work to hold the 
rod vertical, as being more convenient than 
holding it horizontal and perpendicular to 
the line of sight, or perpendicular to the line 
of sight in a vortical plane. This results in a 
rather more complicated formula. In. Fig. 9 



T is the instrument, S the foot of the rod, 
C the mid-point between A and B (the points 
read on the staff), P the projection of S on the 
horizontal plane through T ; then the distance 
TC is kl cos a H- m, the horizontal distance 
TP is kl cos® a + 7n cos a, and the difference in 
height PC is kl cos a sin a -|- m sin a. If the 
difference in height of the ground at S and 
T is required, the height of the instrument 
must be added to PC and the distance CS 
subtracted. 


When the stadia method is used for plotting 
detail and fixing points which will not be 
used for fixing further points by calculation, 
there is no object in measuring the distance 
to a greater degree of accuracy than it is 
liossible to plot. A point cannot be plotted 
with a greater accuracy than about in., 
consequently on a scale of ^s’n jr an error u^d 
to 2 feet in the length is of no importance, 
and with smaller scales still larger errors 
have no effect. For such purposes, therefore, 
the constant m can be neglected. In the same 
way the reduction to the horizontal can always 
be neglected when the slope is less than 2° 
and generally up to 0°. If stadia traverses 
ai‘6 being ruir, and the co-ordinates of the 
stations calculated, then greater accuracy is 
required, and m should bo allowed for. Tables 
of cos® a and cos a sin a are given in most 
text-books dealing with stadia surveying. 

It is always desirable to check the interval 
between the stadia hairs, and to check whether 
they are equidistant from the centre cross 
hair, and for accurate work tins should 
always be done. However accurately the 
makers have spaced the cross hairs, the value 
of k will vary owing to atmospheric refraction. 
The rays of light from the staff to the telescope 
are not straight linos, but a, re almost invariably 
concave downwards ; and the amount of this 
bonding not only varies with the state of the 
atmosj)horo, but also depends on the height of 
the ray above the ground, consequently both 
readings of the staff will bo too low, and the 
lower reading will have a greater 'error than 
the upper. The result is that the value of k 
depends on the atmospheric conditions, so it is 
desirable to determine k for the average condi- 
tions actually mot with. The determination 
can be made by setting up the rod at known 
distances from the instrument, Avhen each 
reading will give a value of k if the value of m 
has already been determined by measurement. 
The conditions should bo as nearly as possible 
those that will be met with in the work in 
hand, and specially favourable conditions 
should not bo chosen; the mean value of k 
found should be adopted in calculating the 
work. An incorrect value of k will affect 
the scale of the resulting map, so if traverses 
are being run between trigonometrical points, 
a comparison of the distance between two such 
points as determined by the traverse Avith that 
determined by the triangulation Avill give a 
value for k which is a good average value for 
the conditions of the work in question. If 
the value of k to be used is not a round number 
it is best to construct a table connecting the 
stadia readings Avith distance, and if this be 
done the correction m can be alloAved for in 
the table. Some makers provide instruments 
with adjustable stadia hairs, but these are 
not to be recommended as they are more 



liable to accidental change in the value of Tc, 
and the saving in labour in reducing the 
results is very small. 

(ii.) Anallatic Telescope. — With a view to 
obviating the necessity for the constant m 
Porro proposed in 1823 the use of a second 
lens (termed the anallatic lens) arranged as 
in Fig. 10, where C is the second (convex) 
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lens, whose first focal point is at P'. A ray 
of light from A, strildng 0 at a" and then 
passing through F', will be refracted at a' to 
a, aa' being parallel to the axis. The distance 
(Z is fixed, and focussing is carried out • by 
moving the cross hairs ab. This being the 
case a"b" =p' is constant, and if the lines Aa", 
produced meet in X it is seen from the 
figure that R/Z=a:/p'' = constant, and that 
'R=lk. Also p' ~(d-f'/f')p, and as X is the 
virtual image of F', 


hence 


1 _ 1_1 

'd-f x~r 


or 


x = 


sid-n 

f+r-F 




If the values of /, and d be so chosen that 
X falls on the vortical axis of the instrument, 
the constant m of the original formula is 
eliminated. The formula also shows that if 
the cross hairs are not quite correctly spaced, 
a small adjustment in the distance ajoart of the 
two lenses will enable the constant to be 
corrected ; while this adjustment will displace 
the j)oint X from the vertical axis, the error 
introduced will be so small as to be negligible.’ 

This construction involves not only an extra 
lens, but either a more bulky telescope or a 
falling off in its optical qualities, and it is 
generally considered that these disadvantages 
are not compensated for by the fact that no 
additive constant is required. It has already 
been pointed out that for accurate work it is 
desirable to use tables cormecting the distance 
with the stadia readings, and if this be done 


the constant entails no inconvenience, while 
for rough work it can be ignored. 

(hi.) Stadia Work with Internal Focussing 
Telescope. — A telescope with a negative 
internal focussing lens has many advantages 
(see § (30), (i.)), and it must be considered how 
far this is suitable for stadia work. Such a 
telescope is illustrated diagrammatically in 
Fig. 11. 0 and N are the object-glass and 

— ve lens, with their first focal points at F and 
F', and focal lengths / and /'. In the absence 
of the lens N, an image ab of the staff would 
be formed at I, distant /g from 0, where 
l/L + 1//2 = 1//, and the size of the image 
p would be such that F = {flp)l+f, If 
the lens N be now inserted, the ray which 
previously passed along AFa'"a will be 
refracted by N at a" towards a', and F'a"a' 
will be a straight line ; also a ray from A 
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passing through the centre of N wU not be 
refracted by N but will pass through a and 
a', and an image will be formed a'Cb'. 

Then, from the figure. 


p' _a'b' _CF'_ f' + A -D 
p~a"b"~NF'~ f' 


where A is the distance of the cross hairs 
from the object-glass, hence 


/(f+A-D) 

^ — w — 


■ i+S- 


Here A is a constant, and D increases as L 
decreases. Call the value of D when L 
is very large, so that I) = + d, then 


fy fp 


As Dgj is constant put 


whence 


/(/'’-b A-Doo) _j,, 

jy 


L = H- 


Icd 


f' + A — Do5 


.l+f. 


^ J. Porro, La Tachdomdlrie, Paris, 1868 ; see also 
Zeits, Imtrumentenk., 1882, pp. 117 and 167, and 
1885, p. 413 ; and A. E. Young, Inst. Civ. Eng. Proc. 
cxxxix. Pt. 1. 


This shows that L varies with d as well as 
with I, and that no simple accurate formula 
of the form 'B> = kl + m holds. It is simplest 


I consider as a constant and ascertain 
iw m varies. 


We have 


A-D v' j'+A-T> 

r ’ 


ince 


-D^+DA4fA 
h- ;' + A-I) • 


it DjQ =?iA, (?i<l), then 

A"w(l -w)+/ A K{\-n){S-nk) 

’ f+Ml-n) ’ ^ A-/ 


Z'+A-Bog — 


A^Cl - n)~ 
A-f ‘ 


- dH^f)+Acl{l - 2n)(A-f) +A^f{l~nf 

AHi-nf-dlA-f) 


-d\A -f)+Ad{l- 2n){A -f)+A\l~ nff 
-dHA~f)+d{AHl-2n)+fi2nA-^f)j ' 

{ L-f)AHl- nf 

Al'^il-ny^-diA-f) 

^ fA;^ il-n)^ 

-d\A-f)-\-d { A2( 1 - 2n) +f(2nA-f) \ ‘ 


10 error in assuming that L=/d is Ej whoro 
-L-kl, hence 

/{A(l-_2n)-ci| 

“ A(l-2ji)+/-d' 

If we put ?i=J as indicated in British Patent 
(J22 of 1910, then E reduces to — d//(/— d), wliich 
zero when the telescojio is at stellar focus. The 
ex of the taohoomotric angle (point X of Fig. 10), 
>m which the distance given by L^ld is measured, 
therefore in the object-glass for long distances, and 
)V03 slowly backwards as the range diminishes, 
.king a telescope with A = 1 ft., w=4, /=0-9 ft., 
an /'=2 ft., and E does not roach 0-1 ft. mitil L 
reduced to about 25 ft., hence with such a tolesoopo 
a error caused by taking 'R=hl (R is measured 
im the vortical axis) will bo about 0 in. at long 
igos and reducing to about 6 in. at 26 ft. Eor 
tail work this is quite negligible ; oven for accurate 
averse work it is generally negligible, as the errora 
0 to reading the staff, and refraction errors, will 
greater than this correction unless the longtlis 
the sights average loss than, say, 100 ft. In such 
laso the correction to be applied is best obtained 
direct trial. 

If n be increased the apex of the tacheometrio 
gle is throivn back, and the error in assuming that 
3 telescope is anallatio is still further reduced, but 
• this a rather short-locus negative lens is necessary, 
d the optical qualities of the toloaoope suffer. (Pee 
3 Tranaacliona of the Optical Society, xxii. 20.) 

(iv.) Accuracy of Stadia Work . — With suit- 
ilo instruments and rods an accuracy of from 
200 to 1/500 is obtained in individual sights, 
lis error is not systematic, and, therefore, a 
tversG of, say, 10 legs should have an error 
from 1/800 to 1/2000. About J mile is the 


limiting length of sight for ordinary work, but 
up to i mile can be used. An ordinary tele- 
scope, such as is used on a 5-in. theodoHte, will 
read ordinary levelhng rods up to about 400 ft. ; 
for longer distances the -Zs-ft. divisions only 
can be read, and for over 1000 ft. the rods 
should be graduated in yards or metres and 
tenths, or in links. The error due to refraction 
increases as the square of the distance, con- 
sequently long sights should not be used v’hen 
the line of sight is close to the ground ; such 
conditions are favourable for rai)id and accu- 
rate work with the chain or graduated tape, 
but unfavourable for stadia work. On the 
other hand, uneven, steep, or broken ground is 
more favourable to stadia work, which, under 
such conditions, Avill give quicker and more 
accurate results than chaining. 

If the stadia rod be held horizontally the 
refraction errors are eliminated, so far as they 
affect the horizontal distances, but it is neces- 
sary to provide a stand to support the rod, 
and to fit it with a sight to ensure its being 
held perpendicular to the line of sight. I’lns 
is generally not considered worth wliilo. 

(v.) Special InstrumenLs for Stadia Work . — 
Various special instruments have been made 
for stadia work, but they have little advantage 
over an ordinary theodolite, ijrovidod the latter 
has a suitable telescope. Greater magnifica- 
tion and resolution are required to read a 
graduated staff then to bisect a suitable target 
with equal aoouracy. 

An adjunct to enable the reduction to the horizontal 
etc., to bo made rapidly, designed by Mr. W. M. 
Beaman, U.iS. (leological Survey, is useful when a tclc- 
soopic alidade is used for stadia working with a ])lane- 
tablo (see § (18)). In Fig. 9, if the angle o£ elevation 
a is such that and ignoring the adilitivc 

constant m, wo have cos a sin sin 2a, 

or if kimlOO, sill 2a==--02n. The values of a eorre- 
sponding to m»»l, 2, 3 . . . arc marked on a sup- 
plementary scale (known as the V scale) on the 
vortical arc. In use tho telcscojic is sot so that the 
index corresponds Avith a mark (n) on tho V sciile, 
and a full stadia intorval can be read on tho rod. 
If tlio centre cross hair then road c(=tS), and the 
dilTorenoo between the stadia readings bo I, wo have 
the height of 8 above tho instrument is P8, anrl 
PiS «= PC ~ SC B=nZ—c. A second (or 11) scale is 
graduated on tho vertical ai-o so tliat any reading 
m on this scale indicates that tho liorizontal distance 
is m per cent loss tlian the distance given by kl. 
From Fig. 9, TP=fcZ cos^ a>»i:i!(l ~ w/lOO), hence 
sin® a ■=?)!. /i:. In practice the V scale is set exactly 
to a mark, in which ease tho 11 scale will generally not 
bo on a mark, but bj' interpolation the percentage to 
be deducted on account of the slope cun bo estimated 
with sulficiont accuracy. The alidade shown in 
Fig. 0 is fitted with a “ Beaman ” arc. 

§ (22) StTBTHNSU Metiiod. 8. — ^A “ Subtousci ” 
bar, 10 or 20 ft. long, has been used Avith good 
results Avith an ordinary theodolite. The 20-ft. 
bar has discs 12 in. in diameter at its ciuIh, 
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and is supported horizontally on a stand. A 
sight attached to the bar enables it to be set 
perpendicular to the line of sight. The angle 
is observed by the repetition method on the 
horizontal arc of the theodolite, some ten 
repetitions being taken. A 20-ft. bar can be 
used up to three miles with reasonable accu- 
racy. The angle can also be measured very 
conveniently by an eyepiece micrometer, a 
number of readings can be taken very rapidly, 
and the mean of, say, 10 should give a good 
result. A table should be prepared giving the 
distance in terms of the micrometer reading, 
and this table should bo prepared from the 
results of actual trial. If D is the distance 
from the vortical axis of the instrument to the 
bar, L the length of the bar, M the micrometer 
rea^ng, and / the focal length of the object^ 
glass, and c the distance of the object-glass in 
front of the vertical axis, we have D = A/M -1- B, 
where A and B are constants, as in stadia 
working. B=/-f-c and A depends on the 
graduation of the micrometer and on the focal 
length of the object-glass. This method is 
neither so convenient nor so rapid as stadia 
working, but as a suitable target can be bisected 
■with greater accuracy than a graduated staff 
can be read, it may be more accurate, and it 
can be used for longer distances. 

Another method, sometimes used, is to hold 
the rod vertical and read the angles of eleva- 
tion or depression to the two targets. In this 
case (see Fig. 12), if the angles AOP, BOP are 
0 and ^ respectively, OP=AB/{tan 0 - tan tp) 



and BP = OP tan 0. If a suitably graduated 
horizontal scale be fitted on the theodolite at 
a fixed distance below the horizontal axis, the 
values of tan 0 and tan 0 can be read directly 
by means of a microscope attached to the 
telescope and perpendicular to it, the divisions 
of the scale are uniform, and the fractions of a 
division can be read on a micrometer which 
moves the scale longitudinally. An alterna- 
tive arrangement is to elevate the telescope 
by a screw acting directly on an arm attached 
to the telescope so that the travel of the screw 
is proportional to the tangent of the angle of 
elevation. Various other arrangements have 
been made for giving more or less direct read- 
ings of the distance and height of the rod, but 


they are little used ; their advantages for the 
special work are small, and they reduce the 
convenience of the instrument for use as an 
ordinary theodolite. 

A variation of the subtense method is some- 
times useful for executing traverses where 
triangulation or tape traverses are impossible. 
In this case signals are put up by an advanced 
party, and the angle subtended by these is 
measured as in the case of ordinary subtense 
work. The signals must bo carefully plumbed, 
or else arranged so that their intersection 
with the ground can be observed. The 
distance between the signals should sub- 
tend some eight to twelve minutes, and they 
should be placed in a lino perpendicular to the 
lino of sight. A third signal for the actual 
traverse station is sometimes desirable in 
addition. When the observer roaches the 
position he must measure the distance between 
the signals with a tai)e. 

VII. Astronomical Determination 

§ (23) General.^ — Astronomical determina- 
tions are used in survey work for determining 
latitude, local time (hence, if Green'wich time 
be known, longitude), and azimuth, or true 
north. For survey work on land the instru- 
ment usually employed is the transit theodohte. 
Where possible observations are made on stars, 
but the sun can be used. It must be remem- 
bered that latitudes, etc., thus obtained are 
astronomical latitudes and differ from the 
geographical values by an amount depending 
on the deviation of the plumb-line. Astro- 
nomical observations of position give, there- 
fore, no check on traverse work, etc., unless 
the error of the traverse is likely to be greater 
than that due to the deviation of the plumb- 
line, as well as those duo to the astronomical 
observations themselves. 

§ (24) Latitude. — The usual method of de- 
termining latitude for survey purposes is by 
“circum-meridian altitudes.” The altitude of 
a star when crossing the meiidian, together -aath 
the known declination of the star, gives the 
latitude. Single observations with a theodolite 
suffer from errors of collimation, etc. (see article 
on “Theodolite ”), and are of little value; hence 
pairs should always be taken. The usual field 
practice is to start observing eight to ten 
minutes before the star reaches the meridian, 
and to take as many observations as possible 
before transit, and an equal number after- 
wards, The observed altitude and time of 
each observation are booked, and the “ face ” 
of the telescope is changed after the first, tliird, 
fifth, oto., observation. The interval in time 
between each observation, and the moment 
of transit, being known, a correction can be 

^ For astronomical (Ictorniinations for geodetic 
purposes see article on “ Gravity Survey,” Vol. III. 


applied to the observed altitude to “ reduce ” 
it to the true meridian altitude. A correction 
must also be made for atmospheric refraction. ’ 
This correction is always rather uncertain, but 
can be largely eliminated by observing one 
star that transits to the north, and another 
that transits to an approximately equal 
altitude to the south ; the mean of the pair 
will be largely free from refraction errors. As 
refraction is more variable for low than high 
altitudes, it is inadvisable to observe stars 
at a less altitude than 40°. Using a C-in. 
micrometer theodolite, and taking the mean of 
several pairs of north and south stars, there 
should be no difficulty in obtaining a probable 
error of J to second in the latitude. 

§ (25) Observations for Time. — Local time 
is obtained directly from the moment any 
astronomical body, whose right ascension is 
known, crosses the meridian, and this is the 
method employed in fixed observatories and 
for geodetic purposes in the field ; it is not, 
however, generally possible for survey pur- 
poses. If the latitude be known, and the 
altitude of a star be observed when it is 
some distance from the meridian, the local 
time of the observation can be calculated. 
The star is moving most rapidly in altitude 
when on the prime vertical {i.e, due east or 
west of the observer), and this is the most 
favourable position for observation. The 
latitude need not bo known with any groat 
accuracy provided the star be observed near 
tho prime vertical. Observations should be 
paired, as in the case of latitucfe observations, 
both for change of face of tho theodolite and 
for east and west stars. With a 0-in. theo- 
dolite there should be no difficulty in getting 
a probable error of J to J second in tho 
result. 

Other methods for determining latitude and 
time are : 

§ (26) Equal Altitude Method. — This has 
come into favour recently. Tho simplest fom 
of the method is to observe tho moment a star 
reaches a given altitude before crossing the 
meridian, and the moment it reaches the same 
altitude after crossing. Half - way between 
these two times the star must be on the 
meridian, hence the time of transit is known 
and hence local time. This method is veiy 
simple and is independent of any knowledge 
of latitude and of such instrumental errors as 
graduation or collimation errors, and is largely 
free from refraction errors. The disadvantage 
is that the pair of observations must be taken 
at a considerable interval of time. If tho sun 
is used a correction must be made for tho 
change in declination in the interval. If a 
succession of observations is made on differ- 
ent stars, noting the time each reaches tho 

1 See article on “ Field Astronomy and Atmo- 
spheric Itefraction,” Vol. III. 


fixed altitude, each observation gives an 
equation connecting time (hence chronometer 
error) with altitude, latitude, and declination. 
The declination is known in each case, and 
the altitude and latitude are the same in every 
case, so three such observations give values 
for time, latitude, and the exact altitude 
observed. Further observations give a checlc. 
Gauss’ original solution entailed working out 
by least squares those corrections to the 
assumed chronometer error and latitude that 
make the observations best fit the condition 
that all the altitudes are equal. MM. Claude 
and Driencourt have found an extremely simxile 
and accurate graxihical solution, which enables 
the results to be obtained with great speed. 
The preparation of a programme from the 
I data given in the Nautical Almanac entails 
considerable work, as a suitable number of 
stars reaching tho desired altitude sufficiently 
close together must be found and their azi- 
muths calculated. This work can, however, 
be done once for all for any range of latitude, 
and Messrs. Ball and Knox Shaw have tabu- 
lated sidereal times and azimuths of some 
17,000 star passages for an elevation of 60°, 
including only Nautical Almanac stars of fourth 
magnitude and upwards and latitudes from 
65° S. to 66° N., based on the star places given 
in tho Nautical Almanac for 1918. Tho tables 
will in time go out of date owing to change in 
declination, but they should servo for topo- 
graxihical survey work for some fifteen years. 
The advantage of the method lies in tho fact 
that an exact knowledge of tho altitude is not 
necessary, hence changes of face are not re- 
quired with the theodolite, nor determinations 
of tho index error with a sextant. The method 
can be used with an ordinary theodolite or sex- 
tant, but is simplest with th o prism atic astrolabe 
(see article on “ Gravity Survey,” Vol. III.). 

§ (27) Talcott’s Method (see article on 
“Gravity Survey,” Vol. III.). — Talcott’s method 
is another excellent method for determining 
latitude, and can be used with a theodolite 
provided it be fitted with stops to enable it 
to be turned exactly 180° in azimuth, and 
with a micrometer oyei)ieco.“ With such an 
instrument the probable error of a single pair 
of observations should bo about 0-7 second. 

§ (28) Determination of Azimuth. — The 
azimuth of a heavenly body is tho angle 
between the meridian plane of the observer 
and the vertical plane passing through the 
body ; thus in astronomical work the azimuth 
is always measured tho shortest way from 
tho elevated polo. In triangulation work ^ tho 
azimuth of a terrestrial object is always 

“ See " T)GSCriptlon, Adjustments, and Methods 
of Use, of the fi-lneli Micrometer Theodolite, 3012 
Pattern, etc.,” Bulletin .U of ilia Canadian Topo- 
graphic- Suri'ey. 

” See C. F. Close; Text-hook of Topographical ana 
GentiTuphical Surveying. 
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reckoned from the south by the west. If the 
latitude be known, and also the declination of 
a heavenly body and its elevation at any 
moment, its azimuth at that moment can be 
calculated. To determine the azimuth of a 
terrestrial object, i.e. to determine the direc- 
tion of the meridian, some reference object 
(R.O.) is required; this must be a lamp by 
night, and in any case must be at such a 
distance that it can be observed to with the 
telescope at stellar focus. In observing on a 
star the R.O. is first intersected, and the hori- 
zontal circle read, the bottom plate being kept 
clamped, the telescope is swung on the star, 
and the horizontal hair set slightly in advance 
of the star, while the vertical hair is kept on 
the star by the slow-motion screw. At the 
moment the star passes the intersection of the 
cross hairs the slow motion screw is stopped 
and both vertical and horizontal circles read. 
It is desirable also to read both the micrometer 
arm, and the striding, levels. Face is then 
changed and the star and R.O. again inter- 
sected. This comifietes one set of observations 
on one star. Observations should always be 
paired as in other astronomical work. It is 
also desirable that the star should not be 
moving rapidly in azimuth, or a small error 
in the observed altitude will produce a large 
error in the result. The best time for observing 
is when the body is in the prime vertical or 
when a ciroum-polar star is at elongation. 

If local time bo known, the azimuth of the 
star can be calculated if the instant of observa- 
tion be observed instead of the altitude. The 
observation in this ease is somewhat easier. 

In all oases of astronomical observations for 
azimuth the levelling of the instrument is of 
great importance, and it is very desirable 
that the striding level should be used and any 
dialovolment of the horizontal axis allowed for. 

VIII. Levkllinq- and ■ LEVJirmiNG 
Instruments 

§ (29) Levellinu. — Levelling is the art of 
determining the heights of points on the 
earth’s surface, and the term is generally 
restricted to the method by which the 
difference in height between neighbouring 
points is directly determined by reading 
with a horizontal line of sight on graduated 
staves held vertically at the points. If a 
graduated staff be held vertically at a point 
A, and read by means of a horizontal line of 
sight from a point P, the reading gives the 
differenoe of height between points A and P. 
If the staff bo now held on any other point B, 
and again read by a horizontal sight from P, 
the height of B over A is given by « - &, where 
a and 6 are the readings on the staves at A 
and B respectively. The reading a is generally 
called the “ back sight,” and the reading b 


the “fore sight.” It is obvious that the 
points A and B must be comparatively close 
together, and that the difference in height 
obtained is with reference to the horizontal 
plane through P. As the surface of the earth 
approximates to a sphere rather than to a 
]3lane, the reading a is subject to a small 
correction due to the earth’s curvature, and 
similarly with b. If the distances from P to 
A and B are equal these corrections mil also 
be equal in magnitude and sign, and conse- 
quently the difference a -b will also give the 
correct difference in height when referred to 
a spherical level surface. The error introduced 
by the assumption that the earth is a sphere 
is quite negligible in levelling operations. 
If the points whose difference in height is 
required are so situated that the staves held 
on them cannot both be read from one position, 
a series of intermediate points is used, and 
their heights determined successively. 

§ (30) Levelling Instrument. — The level- 
ling instrument consists essentially of some 
form of sighting apparatus, the fine of sight 
of which can be set in a horizontal plane. 
The simplest form consists of a water-level. 
Tills is illustrated in Fig. 13, and consists of 



two vertical glass tubes A and B connected 
by horizontal tubes, and mounted on a stand. 
The tubes are partially filled with coloured 
water so that the surface of the water is 
visible in the glass tubes. A line of sight 
taken across the water surfaces is necessarily 
level. The instrument is very simple and 
cannot get out of adjustment. On the other 
hand, it is impossible to take long or accurate 
sights. 

(i.) T/ie Ordinary Levelling Instrument , — 
This consists of a sighting telescope with a 
spirit-level attached so that the collimation 
line can be set horizontal. The important 
points are that the line of sight of the telescope 
shall be horizontal when the bubble is in 
some known position in its tube, and that 
the telescope can be turned in any direction 
without altering its height. 

The telescope is generally of the astro- 
nomical type giving an inverted image, and 
using an eyepiece of the Ramsden type. 


Cross hairs are provided at the focus of the 
object-glass to define a definite line of sight 
or collimation line. In order that the line 
tbus determined may not vary as the distance 
between the object-glass and the cross hairs 
is altered in the iDrocess of focussing, it is 
necessary that the cross hairs should be 
accurately on the optical axis of the object 
glass, and that the mechanical guiding of the 
moving portion sliould be true. 

Telescopes with an internal focussing lens 
have been introduced lately. These have the 
cross hairs rigidly fixed in the tube carrying 
the object-glass, while the focussing is carried 
out by means of a negative lens moving 
between the two. In Fig. 14, A is the object 



glass, C the negative lens, and S the diaphragm 
carrying the cross hairs. The focal length of 
C is /, and its axis is supposed parallel to that 
of A but distant e from it. A ray passing 
along the axis of A will then be deflected by 
0 and meet the diaphragm at a distance x 
above the axis. It is seen at once from the 
figure that x—yejf, where y is the distance 
between C and S ; as in practice / is three or 
four times y, a given eccentricity in C produces 
only one-third to one-fourth the change in 
collimation that would be produced by an equal 
movement in A or S. Not only is the effect 
of variable eccentricity reduced by this means, 
but it is easier mechanically to provide true 
guides for an internal lens than for the object- 
glass or diaphragm and eyepiece. A further 
advantage of this arrangement is that when a 
glass diaphragm is used, the telescope can be 
made air-tight, and consequently dust- and 
damp-proof. An internal positive lens could 
be used in the same manner, but at the 
expense of compactness.’- 

Although it is possible to reduce the change 
in collimation of an instrument to a very 
small amount by suitable design and good 
workmanship, it is impossible to eliminate 
it entirely. For the most accurate work it is 
possible and necessary so to arrange the 
observations that errors due to this cause will 
cancel out. 

(ii.) The Dumpy level is the type most 
generally used, and is the simplest type. It 
consists of a telescope with a spirit - level 
* Soo ZeiLs. Inslrumentenk., 1909, p- 329. 


attached on the top or side, the support (jf 
the spirit - level being sometimes cast in one 
piece with the telescope tube. The whole is 
mounted on a vertical axis and provided with 
the usual levelhng screws. A clamp and slow 
motion in azimuth is generally provided for 
convenience in directing the telescope on the 
staff. When the instrument is in adjustment 
the axis of the bubble tube is parallel to that 
of the telescope and loerpendicular to the 
vertical axis. In use the instrument is set 
up and focussed aird the vertical axis set 
vertical by means .of the levelling screws 
and bubble in the usual way. If the instru- 
ment is in adjustment the collimation line is 
then horizontal in whatever direction the 
telescope is turned. The adjustments can be 
chocked and corrected as follows : 

(a) Coincidence of Collimation Line and 
Axis of Telescope . — Drive in three pegs A, B, 
and C {Fig. 15) so that AB =130 = about 
200 feet. Set up the instrument half-way 
between A and B and ascertain the difference 
in level between A and B. If the instrument 
is equidistant from A and B any errors in 
adjustment will affect the two readings 
equally, so that the true difference in level 
will be found. Similarly, find the true difl'er- 
ence in level between B and 0. Then set up 
at c as close to A as it is possible to focus the 
staff, read the staff on pegs A, B, and C. 
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From the known correct differences of level 
compute the correct readings on B and C 
corresponding to the new reading on A. If 
the cross hairs are on the telescope axis the 
error at C will bo twice thtit at B, or more 
correctly in the ratio cC/cB. If the cross 
hairs are adjustable any error found can bo 
corrected. If the instrument has been well 
made and adjusted by the maker no correc- 
tion should be necessary. As the screws for 
adjusting the cross hairs (if provided at all) 
are necessarily small, the less they are used 
the better, as if they become loose or worn the 
instrument cannot hold its adjustment. 

(6) Parallelism of Bubble Axis and Collima- 
■tion Line . — ^With the instrument at point c 
(as in above), set the cross hairs at the correct 
reading on staff at B and then bring the 
bubble to the centre of its run by means of its 
adjusting screws. Check the reading on the 
staff at A, and if this has not altered the 
adjustment is correct. If a considerable 
alteration has been made to the bubble screws 
the reading on A will have boon altered, and 


the operation must be repeated until the 
adjustment is correct. 

(c) Bubble Axis Perpendicular to the Vertical 
Axis. — Place the telescope parallel to two of 
the levelling screws of the instrument, and 
bring the bubble to the centre of its run, 
then turn- the telescope through 180° so as to 
reverse it end for end. If the bubble is still 
in the centre of its run the adjustment is 
correct ; if not, correct half the error by the 
foot screws and half by the screws under the 
telescope supports, if such be provided. If 
no arrangement is made for this adjustment 
the bubble axis must be made perpendicular 
to the vertical axis, and the collimation lino 
made parallel to the bubble axis by means of 
test (b) and moving ” the cross hairs. If 
this introduces any serious error in test (a), 
which is unlikely, the necessary adjustment 
can only be made by an instrument-maker. 
With modern methods of manufacture, and 
with a machined telescope tube, there is no 
difficulty in making the axis of the telescope 
peri^endicular to the vortical axis with suffi- 
cient accuracy for ordinary purposes and 
without any special adjustment for the ]>ur- 
poso. The cross hairs can then be fixed in their 
correct positions, and the only adjustment 
that should ever bo required to bo made by 
the user is to make the bu])blo axis perpen- 
dicular to the vortical axis. 

It should bo noted that for ordinary levelling 
an error of a few seconds of arc in the adjust- 
ment is of no importance. For precise 
levelling it is necossaiy for a variety of reasons 
to make the fore and back sights of equal 
length; and if this bo done any adjustment 
errors cancel out, provided that there is 
no change of adjustment between the two 
readings ; as in this ease it is not necessary 
to refocus between the readings, the exact 
colhmation is also not necessary. It is seen, 
therefore, that for precise work also an ex- 
tremely good adjustment of the instrument is 
not required. 

(iii.) “ T” Levels. — In this type of level 
the telescope is provided with two cylindrical 
collars; the two collars should form parts of 
the same cylinder, with the same axis as the 
telescope. The collars rest in Y’s, and the 
bubble tube is attached to the telescope. 
The telescope can bo rotated in the Y’s and 
also reversed end for end after opening the 
clips which hold it in position. The adjust- 
ments are carried out without the use of a 
staff as follows : (I) The telescope is directed 
on to some distant object, which is bisected by 
the horizontal cross hair. The telescope is then 
rotated in the Y’s through 180°, If the object 
is still bisected, the collimation line is co- 
incident with the axis of rotation of the 
telescope; if not, half the apparent error is 
corrected by the diaphragm screws. This 


brings the collimation line coincident with the 
axis of rotation. (2) The bubble is then 
brought to the centre of its run by means of 
the foot screws. It is then lifted out of the 
Y’s and reversed end for end. If the bubble 
remains in the centre of its run it is in adjust- 
ment ; if not, half the errem is corrected by the 
bubble adjusting screws, and half by the foot 
screws. This brings the bubble axis parallel 
to the axis of rotation of the telescope in the 
Y’s. (3) The vertical axis is then made vertical 
in the usual way (see article on “Spirit-levels,” 
§ (5)), and if the bubble is not then in the centre 
of its run it is brought there by means of the 
screw provided for raising or lowering one of 
the pillars supporting the Y’s. 

The above adjustments assume that the axis 
of the collars coincides with the optical axis 
of the object-glass. This can be tested by 
repeating test (1) above on a near object. 
If the adjustment is correct for a distant 
object, but not for a near one, the object-glass 
itself must be moved, and it is not as a rule 
possible to do this in the field. The adjust- 
ment (2) assumes that the collars are of equal 
diameter. This can be tested by means of a 
striding level. The striding level is placed on 
the collars, and the bubble brought to the 
centre of its run by moans of the foot screws. 
The telescope is then reversed end for end, but 
the striding level is replaced in its original 
position. If the bubble is no longer at the 
centre of its run the collars are of imequal 
diameters. 

The Y level suffers from the disadvantage of 
a large number of adjusting screws, any one of 
which is hable to work loose. If the collars 
become worn or damaged in any way, or if 
dust or dirt gets between the collars and the Y’s, 
they cannot be used with safety for adjusting 
purposes, and the instrument is no better than 
a Dumpy level as regards ease of adjustment, 
and is more liable to get out of adjustment. 

(iv.) Cooke's Reversible Level. — This is on the 
same principle as the Y level ; but instead of the 
telescope collars being supported on Y’s they 
are supported in closely fitting rings from which 
the telescope can be withdrawn longitudinally. 
The bubble tube is fixed to the rings and not 
to the telescope direct. 

§ (31) Precise Levels. — Levelhng instru- 
ments for precise work are designed on much 
the same lines. They are provided with more 
sensitive bubbles and more powerful tele- 
scopes, but the chief difference is that they are 
provided with a screw for tilting the telescope 
with the bubble attached, independently of the 
levelling screws of the instrument, and no 
attempt is made to set up the vertical axis 
truly vertical. The bubble is brought to the 
centre of its run after the telescope has been 
directed on the staff, A mirror or prism 
arrangement is provided so that the observer 


can see that the bubble is set correctly at 
the moment the observation is taken. This 
arrangement is very convenient to use, and is 
to be recommended for all levelling work, 
except possibly where a large number of staff 
readings are made from each x^osition of the 
instrument, as when running cross-sections or 
when contouring. 

(i.) French Pattern^ — This jjattern is of the 
Y tyi)e, and the bubble is fitted as a striding 
level. Two readings are taken on each staff — 

(1) with the telescope and bubble in their 
normal j)osition, and (2) with the telescope 
rotated through 180° in the Y’s and with the 
bubble reversed end for end. 

(ii.) Coast and Geodetic Survey {U.S.A.) 
Pattern. — This i)attern consists of a large 
.Dumx)y level with the addition of a tilting 
screw. The telescope tube is of invar, and the 
bubble tube is sunk into the telescoipe tube so 
as to be as near the telescoi^e axis and as well 
protected from temperature changes as pos- 
sible. The bubble is viewed by a system of 
mirrors and piisms. The telescope is of high 
power and the bubble very sensitive ; in conse- 
quence the instrument is heavy. There are 
only two adjustments, viz. a screw for adjusting 
the bubble tube parallel to the oollimation line, 
and an adjustment for the cross hairs. It is 
very suitable for use on level ground whore 
long sights can be taken.® 

(iii.) Zeiss Pattern. — Tliis was designed by 
Dr. Wild, and has a telescope of sjoecial con- 
struction. There is no draw tube, and an 
object-glass is fixed at each end of a rigid tube. 
The object-glasses are of equal focal length, and 
each has a sot of cross hairs engraved on it. 
The eyei)iooo can be attached at either end. 
The focussing is carried out by an internal lens. 
The bubble is attached to the telescope tube at 
the side, and is viewed by the special prism ® 
arrangement. The telescope is capable of rota- 
tion round its axis through an angle of 180°, and 
carries the bubble with it. The bubble being 
ground to a barrel shai^e can be used in either 
position. The adjustment is carried out in a 
special manner. A staff is set up at a con- 
venient distance, and four readings are taken 
as follows : 

(1) Normal working position, bubble to left, 
prism box up. 

(2) Bubble to right, prism box down. 

The eyepiece is then placed at the other end 
of the telescope, which is rotated 180° in 
azimuth. 

3) Bubble to left, jirism box down. 

(4) Bubble to right, prism box up. 

* Sec Ch. Lallomancl, “ Nivclkvment do haute 
precision,” being the third part of " Lever des 
plans et niyollemont ’’ of the EncyclopMie des 

“ T'or full description see C. and 0. S. Report, 1900, 
p. 521 ; 1903, p. 200. 

“ See “ Spirit-levels,” § (10). 


The bubble is brought to the centre of its 
run by means of the tilting screw, before each 
reading is taken. The mean of the four 
readings is correct, and if the mean is the same 
as reading (1) the instrument is in adjustment ; 
if not, the telescope is tilted until it reads 
correct in position . (1) and the bubble tube 
adjusted as necessary. It will be observed 
that in these four readings two collimation 
lines are used, the first in positions (1) and (2) 
and the second in positions (3) and (4). The 
moan readings (1) and (2), and also tiio mean of 

(3) and (4), are free from collimation error. 
There are also in effect two bubble tubes, the 
first used in positions (1) and (4) and the 
second in (2) and (3). The mean of readings 
(1) and (4) and the mean of (2) and (3) are each 
free from any error duo to the bubble tube not 
being parallel to the collimation line, hence the 
moan of all four readings is free from collima- 
tion and bubble errors. The method is simjjle 
in use, and the instrument holds its adjust- 
ment remarkably well owing to the absence of 
any delicate adjusting screws. It is doubtful, 
however, whether the complication of the 
second object - glass is really justified. A 
simple Dumpy level with a tilting screw, and 
the bubble mounted and viewed as in this 
pattern, would appear to be all that is required. 
The instrument requires adjusting so seldom 
that the slightly increased labour involved, in 
adjusting by the ordinary method will hardly 
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be noticed. Fig. 10 illustrates such an instru- 
ment. 

(iv.) Plate Micrometer. — It is more accurate 
to bisect a division on the staff than to estimate 
the reading of the cross hair when it falls 
between two divisions. This can be done most 
readily by mounting a thick plate of glass with 
jjarallel sides in front of the object-glass. If 
the plate be perpendicular to the axis of the 
telescope it has no effect on the reading, but 
if it bo tilted about a horizontal axis the rays 
of light are displaced vertically by an amount 
depending on the thickness and refractive 
index of the glass and the angle of tilt, hence 
by tilting the plate the staff can be apparently 
raised or lowered till the cross hair intersects a 
mark on the staff. The displacement can be 


read off on a suitably graduated drum con- 
neoted Avith the plate. The displacement is 
read direct, and no calculation involving the 
distance of the staff is required as is the case 
when a mark is bisected by tilting the tele- 
scope. With a .SO-poAver 
telescope, and a suitable 
arrangement of cross 
hairs, the third place of 
decimals of a foot can be 
read accurately up to a 
range of 100 yards and 
the fourth place estimated. 

Ida. 17. The form of cross hair 

shown in Fig. 17 is con- 
venient for this purpose, the > bomg placed 
over the Une on the staff. 

§ (32) Levelling Staves. — The usual level- 
ling staff is made of wood, with the graduations 
painted on. The divisions are either feet and 
hundredths (sometimes fiftieths), or metres and 
centimetres or half centimetres. The gradua- 
tions are usually of the same thickness as the 
intervals between them, giving a checker 
pattern. Many different patterns have been 
devised with a view to ease of reading and 
avoidmg mistakes. The most suitable staff 
for precise Avork is probably one with simple 
line divisions, the divisions just thick enough 
to bo read at the longest range required. This 
apphes especially when a plate micrometer is 
used, in which case divisions of foot or 
^ centimetre are most convenient. As the 
telescopes generally used are inverting, it is 
convenient to have the figuring on the staff 
also inverted. For ordinary work folding or 
telescopic staves 14 or 15 feet long are con- 
venient, but for precise work they should be 
in one rigid piece, and 10 feet is long enough. 
“ Target rods ” are sometimes used, having a 
movable target on the face. This is adjusted 
by the staff holder by signal from the observer 
at the instrument, so that it is bisected by 
the cross hair, and the reading is taken by 
moans of a fine scale and vernier on the 
staff. This method has proved to be neither 
so convenient nor so accurate as a staff 
read direct from the instrument, but may 
be useful Avhere an occasional extra long 
sight is required. 

Wooden staves are liable to change their 
length Avith var5nng humidity ; a variation of 
3 to 5 parts in 10,000 may be expected from 
this cause. This is serious in precise work in 
hilly country. If such staves be used their 
length must be checked at regular intervals 
either by a standard bar or otherAvise. A 
method due to Colonel Goulier, of the Commis- 
sion du nivellement g6n6ral de la France, is as 
follows : Two bars of iron and brass respec- 
tively are run up the centre qf the staff, being 
secured at the foot of the staff and free to slide 
elsewhere. They carry at their upper ends 


marks which are read against a scale fastened 
to the Avood of the staff. The combination of 
the tAvo rods forms a metalhc thermometer, so 
that from the readings their true lengths and 
also that of the staff can be found. Since the 
introduction of invar one bar of this material 
has been substituted for the two of iron and 
brass. Staves graduated direct on invar 
have been used by the 
Ordnance Survey; there 
Avas considerable diffi- 
culty in obtaining these, 
but the Cambridge 
Scientific Instrument Co. 
finally provided some of 
such accuracy that the 
staff readings could be 
used direct Avithout cor- 
rection for temperature 
or graduation errors. 

If the staff be not 
held vertical when the 
reading is taken the 
reading Avill always be 
too high. A common 
method of dealing with 
this is to SAving the staff 
and estimate the lowest 
reading of the cross hair ; 
this, however, decreases 
the precision of the read- 
ing. It is equally quick 
and much more accurate 
to hold the staff vertical 
with the assistance of a 
small circular spirit-level. 

In this case some means of holding the staff 
steady must be employed; that illustrated in 
Fig. 18 is convenient. 

§ (33) Staee Sotports. — The stability of 
the support on which the staff rests is of great 
importance ; it is obvious that if this changes 
its height between the forward reading to the 
staff from one position of the instrument and 
the back reading from the next position, an 
error aauU be introduced. For ordinary work 
it is convenient to use a small metal tripod 
pressed into the ground ; for precise work a peg 
(either wood or metal) driven in is generally 
used, but the actual support used must 
depend on the nature of the ground. The 
error caused by the instability of the staff 
supports is one of the most important in long 
lines of precise levelling. 

§ (34) Bench Marks. — The ordinary bench 
mark of the Ordnance Survey consists of a 
horizontal line out in some vortical face, with 
the Government “ broad arrow ” cut beloAV it, 
thus In the new precise levelling the 

marks are of tAvo kinds. The “ fundamental ” 
marks, which average 30 miles apart, are 
illustrated in Fig. 19 ; they are confined to 
sites where the reference points can be either 




i Jlili 


fixed in the living rock or in concrete founded 
on the rock. Tliere are three actual reference 
points — one a gun- metal bolt for general use. 
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and tlio other two buried for the future use 
of the survey. The secondary marks, generally 
about a mile apart, are gun-metal plates as 
shown in Fig. 20, cemented into a vertical 



face ; a detachable bracket serves to support 
the staff. 

§ (36) Eruoes in Levelling. — Some of the 
causes of errors have already been touched on. 
Errors due to lack of adjustment of the 
instrument are eliminated if the instrument is 


equidistant from the two staves, provided the 
adjustment does not alter between the two 
readings. Such change may be due to tem- 
perature effects or change of focus. The 
former acts slowly, jirovided the instrument is 
shielded from the direct rays of the sun ; the 
latter does not come in if the instrument is 
equidistant from the staves. If there is any 
tendency for the staff supports to move always 
in the same direction a systematic error will be 
introduced, which in long lines may easily 
become the predominant error. The only way 
to eliminate this is to relevel the line in the 
reverse direction, keeping all other conditions 
as unaltered as iiossible ; this is invariably 
done in all precise work, and a systematic 
difference between the two levellings has 
almost always been found. Another cause 
of error is due to atmospheric refraction ; 
the statement in many text-books that this 
error cancels out when the instrument is 
equidistant from the two staves is only true 
on the assumption (generally incorrect) that 
the atmospheric conditions along the paths of 
the two rays are the same. See article on 
“ Trigonometrical Heights and Atmospheric 
Refraction,” Vol. III. 

§ (36) Definition of Heioiit. — The obvious 
definition of the height of a point is the distance 
of the point above the reference surface 
measured along the vortical through the point. 
Tins is called the “ orthomotrio ” height. As 
the surface of the earth approximates to a 
spheroid rather than to a sphere, this definition 
leads to the result that two points at the same 
height are not necessarily at the same gravi- 
tational potential, and water might flow from 
one point to the other, or oven from a lower 
point to a higher. An alternative definition is 
based on the assumption that all iioints which 
are at the same “ height ” are on the same 
equipotential surface, and measuring the actual 
height of each such surface at some fixed point. 
Eor this purpose the earth is generally assumed 
to be a spheroid, and the fixed point is taken 
in latitude 46°, This is called the “ dynamic ” 
height. In practice the, distinction only 
becomes of importance when large areas are 
covered with a network of precise levelling, and 
especially when the area covers a tract of hilly 
country extendmg north and south. The 
difference of height as determined by spirit- 
levelling does not conform to either of the above 
definitions. The height is first measured on a 
vertical staff (orthometric) and then carried 
horizontally to a second staff (dynamic), and so 
on. The result is that a circuit of levelling 
carried out without any error, and closing on 
the starting - point, will, in general, show a 
difference in height between the starting-point 
and the (same) finishing - point. The magni- 
tude of this apparent error can be calculated 
on the assumption that the vertical as indicated 
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by the level at each setting up of the instru- 
ment is a normal to the spheroid of reference. 
In practice it is the normal to the geoid, and 
the true correction to be apphcd to the levelled 
heights to give either orthometric or dynamic 
heights cannot be calculated unless the devia- 
tion of the plumb-line, or the true variation in 
the force of gravity, be known for each station 
occupied. F. R. Helmert ^ has calculated the 
theoretical closing error of a circuit in the Tirol 
(a) assuming the usual formula, (b) based on 
the actual values of gravity measured by 
R. V. Steineck; the results were 7 mm. and 
24 ram. respectively.^ 

IX. CONTOTJBINO 

§ (37) CoNTOnEiNQ. — A contour is a line of 
equal height above sea - level, and contours 
drawn on a map at equal vertical intervals 
form the best method of showing the vertical 
reUef of the ground. The vertical interval 
depends on the scale of the map and the steep- 
ness of the ground. On small-scale maps the 
contours are necessarily generalised and 
become “ form Unes.” Accurate contouring 
must be controlled by spirit - levelling. In 
large-scale work the contours are established 
on the ground by means of a spirit- or water- 
level, and surveyed. The survey may be done 
either simultaneously with the marking of the 
contour, or later, and may be done by chain 
survey, stadia traverse, or plane-tabling, or by 
a combination of the above. 

In contouring with a plane-table on small 
scales the Inihan pattern clinometer is a 
useful instrument. It is 9 in. long, and has 
two vanes which are upright when in use. 
The rear vane has a sight -hole, and the 
front vane a vertical sht with a scale of 
degrees on one side of the slit and of natural 
tangents on the other. The sight - hole is 
brought level with the zero of the scales by 
means of a screw, a level on the horizontal arm 
indicating the position. The adjustment must 
be chocked by comparison with the readings of 
a theodolite or by means of reciprocal observa- 
tions. It is used standing on the plane-table, 
and by its means the height of the table can be 
found by measuring the vertical angle to any 
point whose height is known. The slope of 
the ground and hence the spacing of the con- 
tours on the map can also be found. Sights 
can be taken up to a distance of about 3 miles. 
By fixing the height of ruUng iioints, and the 
slope down spurs and valleys, etc. , the contours 
can be dravra in with sufficient accuracy for 
small-scale work. 

^ Die Schicerkraft in Eochgebirae, p. 19. 

“ Ch. Lallcmand, Nwellement de haute precision ; 
Coast and Geodetic Survey Reports, 1900, App. 0, 1903, 
App. 3 ; Account of the Operations of the O. T. Survey 
of India,, xlx. ; B. O. Henrici, Proc. Inst. Civil En- 
gineers, ocix. Pt. 1. 


X. Basjs-linb Measurement 

§ (38) General. — Before a triangulation can 
be computed, it is necessary to know the 
length of one of the sides of one of the triangles, 
and this must be measured directly. This 
measured side is called the base, and thus 
forms the starting - xmint of any system of 
triangulation required to determine the hori- 
zontal co-ordinates of its points. These co- 
ordinates are measured on the spheroid of 
reference,' consequently the length of the base 
(as required for i)urposes of calculation) is the 
distance, measured along the spheroid, between 
the points on the siiheroid vertically below the 
ends of the actual base. Thus if A, B {Fig. 21) 
are the terminal points of 
the base, ANB being the 
ground surface, the dis- 
tance required is A'B' 

(measured along the 
curve) where A'B' lie on 
the spheroid of reference Bio. 21. 

and AA', BB' are the 
verticals through A and B. The actual line 
followed by the base may be either in the 
jolane through A A'B or that through ABB', 
or it may be such that if P be any point in 
the base and PP' the vertical through it, 
ABPP' all lie in one plane. These cases re- 
present respectively the result of the line 
being laid out by a theodolite at A, or at B, 
or by a transit theodohte at each consecutive 
point P. The three fines are not strictly the 
same when the spheroidal shape of the earth 
is taken into account, but the differences are 
negligible for base-line measurements, which 
only extend for a few miles, hence any of 
these three methods may bo used for laying 
down the base on the ground. The base is 
necessarily measured in small sections such as 
PQ, representing the length of a single bar or 
tape. As these are short compared with the 
radius of curvature of the sjiheroid, the straight 
line distance PQ can be taken as equal to the 
arc, provided the length of PQ is horizontal. 
If PQ be not horizontal it must be multiplied 
by cos i, where i is the inclination of PQ to the 
horizontal. Unless the base is being measured 
at sea-level, a further reduction must be made. 
If R is the radius of curvature of the spheroid 
at P' and h the height of P above P', we get 

whence L, the length of the base, is given by 
L=2{P'Q')=S(PQ cos i) -S (pQ . , 

or if i is small, as it is when rods are used, 

L =2(PQ) - 42(PQ . i^) - S (PQ . I) . 



)se two corrections are known as the re- 
in to horizontal and reduction to sea- 
respeotively. It is not necessary in 
ce to correct each length PQ separately 
eduction to sea - level, and the whole 
ition can be put in the form L(H„,/R,)) 

1 is the mean height of the base 
( sea-level, and Rq the mean radius of 
ture of the spheroid from A' to B'. 

9) Historical. — The earlier bases were 
ently measured by moans of deal rods 
with metal at their ends, Such rods do 
mry greatly in length with change of 
jrature, but alter their length considor- 
vdth varying moisture. This variation 
e largely reduced by boiling the rods in 
in wax. Wooden rods were used in the 
3 measurements undertaken by the 
h in Lapland and Peru in 1735-45. They 
boon used successfully in Germany,’- and 
recently in Egypt,® whore a probable 
of about five parts in a million was 
red by this method. 

3 earliest base in this country (Hounslow 
1 ,^ 1784) was measured with deal rods 
bell-metal ends, and with glass rods. In 
ISO of the deal rods it was noticed during 
■ork that their length was much affected 
anges in the humidity of the atmosphere, 
ttempt appears to have been made to 
this by varnishing or otherwise treating 
ids. The temperature of the glass rods 
;ound by two thermometers in contact 
each rod, and the expansion due to 
jrature was allowed for. The discrepancy 
»on the two moasuromonts was 1-8 ft. in 
1 ft., or 60 /a (/a in this section represents 
nllionth of the total length). In 1791 this 
sras remeasured with a steel chain, made 
amsden, of 100 ft. length (40 links of 
;. each) ; the discrepancy of the result 
ared with the glass-rod measurement was 
t., or 8/a. The Ramsdon chain was used 
mr other bases in England, and is now 
ited in the Science Museum at South 
ngton. 

ring the nineteenth century accurate bases 
almost invariably measured with metal 
a probable eiTor of 1 to 2/a being obtained. 
85 E. Jhderin ^ suggested the use of metal 
or -wires suspended free in catenary for 
measurements, and the introduction of 
ar,” duo to the researches of Ch. Ed. 
lume, of the International Bureau of 
lits and Measures, has enabled JEdorin’s 
■atus to be so improved that it now forms 

elnherte, Zeil. Verrmss., 1890, Pt. 7. 
t^ons, Oculaslral Survev of Egypt, Cairo, 1908, 
yy. Sob. Phil, Trans,, 1785 ; alHo Account of the 
pal Triangulation of the Ordnance Survey, 
p. 20C. 

iclerin, OeoMtische TAngmmessung mit Stahl- 
•n und MetaldrdlUen, Stockholm, 1885. An 
h translation appears in the C. and 0. S. 
for 1893, Pt. II. App. 6, 


a method of base-line measurement which is 
not only fully as accurate but much quicker 
and cheaper than the older methods. 

The measurement of the Salisbury Plain 
base (length 6-9 miles) in 1849 -with Colby’s 
apparatus took a large iiarty nearly six months 
in the field, while the Lossiemouth base of 4-5 
miles was measured in 1909, using invar tapes, 
by a much smaller party in about a month, 
and with a higher degree of accuracy. 

§ (40) Base Measuremeet in the Nine- 
teenth Century. — The great trouble in all 
base line measurements has been the change 
in length of the apparatus due to humidity 
(in the ease of wood bars) or temperature. A 
metal rod needs time to take up the tempera- 
ture of its surroundings, and in the field the 
conditions are such that the true mean tem- 
perature of the rods cannot be obtained satis- 
factorily by the use of thermometers in contact 
v/ith them. To overcome this difficulty Borda ® 
introduced the principle of the bimetallic 
thermometer. His apparatus consisted of two 
strips of metal in contact. The lower strip of 
platinum (either 2 toises or 4 metres long) 
rested on a stout beam of wood ; lying im- 
mediately on it, and fastened to it at one end, 
was a strip of cojjpor about 6 inches shorter. 
A scale on the free end of the copper, read by 
a vernier on the platinum, indicated the 
relative expansions of the two bars, whence 
the temperature, and therefore the true length 
of the platinum strip, could be inferred. 

Another apparatus designed to the same end 
was Colby’s “ compensated bar apparatus, 
which consisted of two 10-ft. bars, one of iron 
and one of brass, finnly connected at their 
centres. At either end was a metal tongue 
about 6 inches long pivoted to both bars so 
that, while free from shako, they did not 
impede the free expansion of the bars. At the 
outer end of each tongue was a small dot, and 
the distance between the dots determines the 
length. If aa' and bb' (Fig. 22) are the bars. 



Fig. 22. 


having a temperature coefficient of a and /3 
respectively, and if abc, a'Vc' are the tongues, 
the lengths ab, be, etc., are so chosen that 
aejbe — ajp ; if, therefore, owing to a change of 
temperature, a moves a distance ad, b will 
move ^d, and c will not move. If the ex- 
pansion can bo considered as proportional to 
the change of temperature, and if both bars 
are at the same mean temperature, the distance 

“ Delambre, Ease du syst&me mdlrigue, etc., Paris, 
180C-10, li. 1 and ill. 311. 

* H. yolland. Measurement of the Lough Foyle Base, 
etc., London, 1847. 
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cc' will remain constant. This apparatus was 
used for the two chief bases of the Ordnance 
Survey of the United Kingdom, for ten bases 
in In^a, and also in South Africa,- It has 
not been used sinee 1870, as it was found that 
the temperatures of the two bars did not 
remain equal, and it was found necessary in 
India to use thermometers, and not to rely 
entirely on the automatic compensation.^ The 
probable error of measurement Avith this 
apparatus was about 1-5, a. 

In most of the earlier bases the rods were 
used as end measures, and were laid touching 
end to end. Borda introduced a graduated 
slider moving in a groove at 
the free and uncovered end of 
the platinum strip, for the pur- 
pose of measuring the small gap 
loft between successive bars. 

This was improved later by 
the addition of a spring and 
contact screw. Struve,^ for 
the Russian bases, used a 
wrought -iron bar (whoso temperature was 
determined by two thermometers) fitted with 
a contact lever {Fig. 23) for measuring the 
small interval between the bars, the lever 
being held in contact by a spring. Bessel® 
used bimetallic bars of iron and zinc. The 
upper (zinc) terminated in horizontal knife- 
edges, while at the free end a small piece with 
two vertical knife-edges was attached to the 
iron bar (Fig. 24). The distance between the 
knife-edges was measured by a glass wedge, 
and gave the temperature correction, and the 
distance between successive bars was measured 



i-I 

Tio. 24. 


in the same way. The bases measured with 
this apparatus had arr error of about 2fi. 

Bache in 1845 designed an apparatus which 
was used by the Coast Survey of the United 
States, and which combines several of the 
above-mentioned arrangements, eta', bb' of 
Fig. 25 are iron and brass rods respectively, 
forming a Borda bimetallic thermometer. 
They ain separated by rollers so that they 
can expand freely. The cross-sections of the 
bars are so arranged that, while they have 

^ G. T. Siirveij of India, Dohra Pun, 1870, 1. 

* F. G. W. Struve, Aro du Mdnaien de 26® 20' 
enlre h Banubo el la mar ylacAale mesurd depuis IHUi 
jusqu’en lSf>S, sous la direction de Tenner^ Selander, 
Hansleen, et F. O. W. Struve, St. l^ctersburg, 
1867-00. 

“ F. W. Bossol and J. J. Baeyor, Oradmessung in 
Oslpreussen, etc., Berlin, 1838. 


equal absorbing surfaces, their masses are 
inversely proportional to their specific heats, 
allowance being made for their difference of 
conducting j^ower. Lever C is a compensation 
lever so arranged (as in Colby’s apparatus) 
that the position of the upper knife - edge 
remains constant irrespective of the expansion 
of the bars. A collar on a sliding rod d is 
pressed back against the knife-edge by a 
spring, and the sliding rod terminates in an 
agate plate for contact with the next bar. A 
scale and vernier attached to the free ends of 
a and b enable the relative expansion of the 
bars to bo measured if desired. At the other 
end, where the bars are fixed 
together, is another sliding 
rod e terminating in a blunt 
knife-edge for making contact 
with d ; the inner end of e 
abuts on a contact lever / 
pivoted below, which in its 
turn comes in contact with 
the short tail of tlie lever g, 
mounted on trunnions, but not balanced, and 
carrying a spirit-level. For a certain position 
of the rod e the bubble becomes central, and 
this position determines the standard length 
of the bar. This arrangement is very delieate, 
and ensures that the pressure of contact is 
always the same. 

All the bars so far considered (oxeept Colby’s) 
are end measures. Colby sot the bars so that 
the dots of two successive bars were exactly 
6 inches apart, by means of two microscopes. 
The two microscopes wore coimected by Wo 



bars of brass and iron respectively in such a 
manner that the focal points of the microscopes 
were exactly 6 inches apart, the temperature 
compensation being on the same principle as 
that of the bars, A third microscope passed 
through the centre of the bars, and was con- 
structed to focus a point at ground-level. 
The microscopes were provided with levelling 
screws, and screws for giving motion in longi- 
tudinal and transverse directions. The whole 
compensated microscope set rested on a bracket 
attached to one end of the case enclosing the 
bars. The measurement of the 6-inch intervals 
was effected by bringing one of the outer 
microscopes to intersect the dot on the bar 
last placed, and then moving the next bar up 
by its slow-motion screws so that its dot was 



FIG. 23. 





;ed by tbo other microscope. Tlie end 
3h section of six bar lengths was trans- 
L to the ground by the centre microscope, 
table reference point being adjustably 
ted on a heavy cast-iron plate resting on 
round. The Salishury Plain base, Avhicli 
measured in 1794 with the Ramsden 
, was remeasured in 1849 with tlie Colby 
'atus, and a discrepancy of l-Oli ft., or 
vas found between the two measurements, 
of the original Colby apparatus is now 
3 Science Museum at Soutli Kensington, 
jcovitch in Italy in 1751 used bars Avith 
mgth defined by lino marks on the bars, 
iring the distances between successive 
by dividers and scale, and other early 
Avaa done with marks on the sides of the 

the above - described methods used a 
asion of bars, either actually or nearly 
ing. J. Porro and others used a single 
) measure the distance botAvoon successive 
scopes mounted on tripods, and carefully 
id and levelled. Porro used a bimotallio 
ir tempci’aturo correction. His apparatus 
in])rovod by Ibanez ^ and used in Spain 
Iwitzorland. 

1871 R. S. Woodward, of the Coast and 
3tio Survey, overcame the temperature 
ilty by using a single iron bar carried in 
shaped trough filled with molting ice. 
ror of 0-25/x is olaimed for this apjAaratus, 
t is probably the moat accurate method 
has boon adopted. It is slow and ox- 
vo to use, and its greatest utility is 
,ps for laying down a field standard for 
ardising wires or tapes, 
y method, such as those described above, 
1 involves the use of metal measuring 
,n the field entails the provision of heavy 
es for their aujiport. Tlioso trestles 
bo carefully aligned and levelled, and 
lor to do this tiro ground must bo fairly 
and smooth, and in many cases much 
ng and jireparation of the ground are 
fed. Such methods are therefore nocos- 
slow and expensive. 

further iiartlculars of tlio older methods see 
sti)hal, ZfiilK. Tmtrumpnt-enk., 1885, v. 257, 333, 
-20, and 1888, vlll. 181), 225, and 337. For 
details roferonco must ho made to the original 
its montlonod, or to the oITlclal reports of the 
'8 corieornod, 

41) Modern Ba.sr Meastoements. (i.) 
nierica . — The American “ Duplex ” bar 
'atus has been used with success in modom 
It consists ^ of two measuring tulics 

Thafloz ot Kaavodra, BxjiMmces faites ave,c. 
veil A memrer Us bases appnrtmanl h la com- 
n (le la carle d’Espagne (Traduction par A. 
jdat, Paris, 1800). 

. 8. Woodward, “ On the Measurement ot the 
1 Heath Hose, etc,” Ileporl of the Const and 
io Survey for Pt. 2, App. 8. 

mst and Geodetic Survey lieporl, 1807, App. 2. 


5 metres long, each containing two holloAv 
cylindrical bars, one of steel and one of brass. 
The outer tube is mounted on tAvo wooden 
tripods, Avith fine adjustments for levelling 
and aligning. The measuring bars jirojcot 
at both ends from the outer tube, and are 
brought into end contact, steel to steel and 
brass to brass, by means of screAvs which 
move them bodily in the outer tube. The 
contacts are agate knife-edges. The process 
results in tAvo simultaneous, but independent, 
measurements, one Ainth the steel bar and one 
with the brass bar. If, oAving to. temperature, 
one bar gain too much on the otlior, it can be 
sot back a known amount by means of a vernier 
on the steel bar read against a scale on the 
brass. Thermometer readings give the tem- 
peratures of the bars. The difference betAveen 
the total lengths of the base as obtained from 
the brass and stool, uncorrectod for tempera- 
ture, gives the mean temperature of the bars, 
and thus the temperature correction to bo 
applied. The thermometers give the correc- 
tions to bo apxjliod to each individual bar 
length, Avhich xirovides a check. The bars are 
actually tubes of oomxiaratively tliin metal, 
the thicknesses being calculated to comipensate 
for relative sxiocific heats and conductivities ; 
they are both nickel-x)lated, and enclosed in a 
double tubular covering ; the result is that 
they maintain very closely the same tomi)ora- 
turo. 

(ii.) Tapes . — If wires or tapes be used for 
the actual field measurements, they can be 
much longer than the bars, consequently 
there are fewer points requiring accurate 
alignment, and fewer measurements or settings 
at tlie end of each unit length ; this tends to 
both speed aird accuracy. At the measure- 
ment of the H olton Heath base ^ a comiiarison 
of various methods was made arid the practical 
use of tapes tested in the field. Steel tapes 
graduated every 20 metres over a length of iOO 
ra. wore employed, the total length being about 
101 m. ; the cross-section was 6-34 by 0'47 mm., 
and the weight 22-3 grams jier metre. The tape 
was strained to a constant tension of 26 lbs. 9 oz. 
by means of a spring balance. The tensioning 
ajiparatus consisted of a lover of steel tubing, 
Avith a wooden extension as handle, hinged 
by a universal joint to a platform, on wliich the 
operator stood. The tube was threaded, and 
a wheel nut carried a gimbal-jointod support, 
to which was attached the spring balance. 
The balance was used at one end only. The 
tape was supported every 20 m. on wire nails 
driven into posts. At the end of every 100 m. 
length a properly ranged marking -jiost was 
cut off, or driven down, to the proper height, 
and capped by a plate of zinc. The supporting 

' Jl. H, Wooclwanl, “ On the Moasuromeiit of tlic 
Holton Heath Base, etc..,” Report of the. Coast and 
Geodetic Survey for JHlfS, Pt. 2, App. 8. 
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naila were carefully adjusted as to height by 
a telescope, so that they lay in a line joining 
the two marking - posts. The tape being 
placed in position, the rear mark was brought 
to coincide with a mark on the zinc top of 
the marldng-post, and the strain taken at the 
front end by the spring balance ; the tape was 
then lifted clear of the nails, and dropped on 
to them so as to avoid friction and any lack 
of alignment in the tape itself. When all 
was correct, a scratch corresponding with the 
forward end of the tape was made on the zinc 
of the forward marking-post with a fine 
bradawl, the thermometers were read, and 
the tape moved forward to the next section. 
If temperature effects, or inaccurate spacing 
of the marking-posts, caused the tape ends to 
get too near the edges of the zinc plates, the 
tape was set forward or back an even number 
of centimetres by means of a scale. The tapes 
were standardised in the field on a special 
100 m. comparator by means of the 5 m. iced 
bar. A Special section of the base 1 km. long 
was measured by the iced bar, by 5 m. contact 
rods, and by the 100 m. tape. The tape 
measurements were taken both by day and 
by night. Two or more measurements went 
to a set ; the sets taken at night varied ± 3 mm. 
from the mean, those by day up to 10 mm. 
The mean of the night sets (21 measurements) 
differed from the iced bar measurement by 
only 0-2 mm. The greater accuracy at night 
is due to the better temperature conditions. 
The rate of worldng with the iced bar was 
100 m. an hour, and the probable error of one 
such measurement of 100 m. was about ± 
0*034 mm. The probable error of the 1 km. 
section (meatr of 4 measurements with the 
iced bar) was ±0*26 mm. The rate of working 
with the tapes at night was about 2 km. per 
hour. The iirobable errors given are those 
of measurement only, and do not include the 
error of the iced bar itself. The final results 
for the kilometer section were : 

Mean of 6 meafluremouts with 

steel rods 1000 m. — 4*9 mm. 

Moan of 21 measurements with 
steel tapes .... 1000 m.. - 3*6 mm. 

Mean of 4 measurements with 
iced bar 1000 m. - 3*4 ram. 

These results showed the possibility of using 
steel tapes for work of first-class accuracy. 

In 1900 the Coast and Geodetic Survey ’■ 
considered that, in view of the speed -with 
which base measurements could be made with 
tapes, it would be advantageous to measure 
frequent check bases. An accuracy of 2 ju, was 
laid down, and no time was to be spent in 
trying for more accurate results than this. 
Fifty and 100 m. tapes wore used, supported 
every 25 m. — 2 x 4 in. stakes for intermediate 

* Ooast and Oeodelic Report, 1901, App. 3, p. 220. 


supports, and 4 x 4 in. stakes for the marking- 
posts, topped with copper instead of zinc. 
A kilometer of each base was measured with 
the duplex bar apparatus, and tapes and bars 
were standardised against the iced bar at the 
beginning and end of the season. The methods 
for using the tapes were generally the same as 
those employed at the Holton Heath base. 
In the result, 9 bases with a total length of 
69 km. were measured by one field party 
between July 16 and January IS; including 
the standardisation work, the worst probable 
error obtained was 1*4 ^ and the average 0*8 y. 
Later on invar tapes were used,^ which enabled 
work to be done in the daytime with less 
danger of temperature errors and greater 
ease and accuracy, as compared with steel 
tapes by night. In 1907 a party of from seven 
to thirteen men prepared and measured 3 bases, 
and measured 3 more (prepared by another 
party), in all 6 bases with a total length of 
100 km., in four months. The w'orst probable 
error was 0-46 fj. and the average 0*36 /r. 
Both steel and invar tapes were used, the 
latter proving 7 per cent faster and 70 per cent 
more accurate. 

- (iii.) Tapes or Wires in Catenary . — When 
tapes are used as above described, with the 
tapes supported at short intervals, and always 
supported in the same way both when being 
standardised and when in use, and when only 
small inclinations are used, no allowance need 
be made for sag, etc. The method, however, 
while much quicker than the use of bars, and 
not necessitating quite such a smooth stretch 
of ground, still requires a fairly smooth and 
level site for the base. The latest base ap- 
paratus, a development of Jadorin’s,^ uses the 
tapes hanging free in catenary throughout 
their length. By this method fewer supports 
are necessaiy, and bases can be accurately 
measured over more uneven ground and on 
steeper slopes. 

The method and apparatus used have been 
described in detail by Benoit and Guillaume.* 
The tapes are not graduated throughout their 
length, but carry small scales at either end, 
reading -H or - from the zero graduation. 
The scales are a few inches long and are gradu- 
ated in millimetres, or some similar divisions 
such as ill* The nominal length of the 
tape is the straight line distance between the 
zero graduations when they are at the same 
level, with the tape hanging free at standard 
tension. There is some difference of opinion 

® Coast and Oeodelic Survey Report, 1907, App. 4, 
p. 107. 

“ Jaderln, OeodMische Ldnyenmessuny mit StaM- 
Mndemund Metaldrdhlen, Stockholm, 1885. 

* Benoit and Guillaume, La mesure rapide des 
hoses aiodisvmes (Ist ed., Paris, 1905 ; 5th ed., 1917). 
See also Ordnance Survey Professional Papers, New 
Scries, No. 1, 1912, and Measurement of an Arc 
of Meridian in Uganda (Colonial Survey Committee 
Boport), 1912, 


as to the relative merits of tapes or wires. 
If tapes are used, the scales can be marked 
direct on the tapes themselves, and it is easy 
to ensure that there is no twist in the -tape. 
With wires the scale has to be attached to the 
wire, and a twist is not so easily detected. On 
the other hand, wires are probal,)ly less affected 
by wind. The tension is applied to the tape 
by means of a cord or wire, passing over a 
pulley, with a weight attached. The measure- 
ment is carried out as follows : A ntimber of 
trestles are aligned along tlio base and spaced 
at intervals of one tape-length. The trestles 
have heads somewhat as shown in Fig. 20, 
the heads being movable hori- 
zontally on the trestles for 
accurate alignment. The taj)e 
is then placed alongside the 
trestles, just not touching the 

D tops, and strained by means 
of the straining trestles to the 
standard tension. Simultaneous 
readings are taken by observers 
at the two ends, the scale on the 
tape being road against the mark 
t'lG. ‘20 . on the trestle. Eight or ten such 
readings are taken, the tape 
being moved slightly in a longitudinal direction 
between each reading. The tape is then moved 
to the next span and the process repeated. 
After every six spans or so the observers 
change ends, in order to eliminate personal 
errors. Each section of a convenient number 
of spans is measured two or more times, the 
direction of measurement being changed 
between each. It is preferable to use more 
than one tape. At the end of each day’s 
work the point on the ground directly under 
the terminal trestle head is marked on the 
ground, and checked before recommencing 
worlc to ensure that the trestle has not shifted. 
The difference in height between the trestle 
heads must bo ascertained by levelling, or by 
observing the slope between them. This is 
required both for the ordinary reduction to 
the horizontal and to allow for the change 
in shape of tlie catenary when the ends of 
the ta^ie are no longer at the same level. 
The temperature of the tapes must also be 
noted; but as the coefficient of expansion of 
invar is so small (about 6 x 10"’ per 1° C., 
or less), no great accuracy is necessary. 
The temperature can be observed either by 
means of a swing thermometer or by thermo- 
meters attached to the tape beyond the 
terminal marks ; the former is probably the 
preferable method, at any rate in temperate 
climates. 

The apparatus as originally designed had 
weights and pulleys at both ends for applying 
the tension ; but if the tape is on any appreci- 
able slope the tension for equilibrium is not 
the same at the two ends, and the tape will 


run downlull, or, if it does not, the excess 
tension at the lower end must be absorbed by 
friction, and in such a case an uncertainty as 
to the true tension at onco arises. A preferable 
method is to attach one end direct to the 
straining trestle by means of a screw, and to 
move the tape by its means between the 
readings, half the readings being taken after 
a screwing-up motion and half after a screwing- 
out motion ; if a line wire or steel tape be used 
for connecting the weight, there is practically 
nothing lost by friction (which is not neces- 
sarily the case when a cord is used), and the 
moan tension applied at the weighted end is 
the standard tension as determined by the 
weight. 

No elaborate apparatus is required. The 
straining trestles for the tapes consist of one 
long leg carrying the pulley, which is placed 
in the alignment of the base, and two shorter 
legs supporting it, one on each side. If the 
long leg be continued beyond the jmint of 
attachment of the supporting logs, so as to 
form a handle, it can bo placed in its correct 
position without much difficulty. In the 
simplest form the pulley is mounted in a slot 
in the leg, but some users prefer having it 
mounted in a frame, the frame being pivoted 
so that the pulley automatically places itself 
in the plane of the tape, being callable of 
movement up or down, and sideways, relative 
to the trestle, by means of screws. In any 
case it is essential that the pulley should 
be true on its axis, and as frictionless as 
possible. 

The trestles for marking the ends of the tape 
lengths are easily aligned by a theodolite. 
The difference of height between successive 
trestles is best determined by an f)rdinary 
telescopic level, using a 8])ccial short levelling 
staff resting on the trestle heads. It is 
sufficient in the field to read the scales on the 
tapes with the aid of a reading-glass ; micro- 
scopes are not necessary. 

Groat care must bo taken in handling the 
tapes or wires. It must be romomberod that 
the whole accuracy depends on the constancy 
of their lengths ; they must therefore on no 
account be strained boyond their elastic limit, 
or bent or Idnked. To ensure this, great care 
is necessary in winding and unwinding the 
tapes on the drums used for storage or trans- 
port, and they should never bo dragged along 
the ground. The following points must bo 
kept in mind in the design and use of the 
drums : (1) The diameter of the drum must 
be such that no sharp bond is given to the 
tape or wire ; a diameter of about I metre 
is suitable. (2) In the case of a wire, which 
has a stiff scale attached, the end must bo 
attached to a projecting hook on the drum of 
such length that the scale forms a tangent to 
the drum, touching the drum well beyond the 



scale, so that the wire is not hent at the point 
of its attachment to the scale. (3) Wires 
should he wound helically on the drum with- 
out overriding. (4) Tapes should be wound 
on a narrow drum with cheeks, the distance 
between the cheeks being only slightly greater 
than the width of the tape to avoid any pos- 
sibility of the tape catching in itself when 
being unwound. (5) The tape or wire must 
not bo wound so tightly that any expansion 
of the drum with temperature can possibly 
strain the wire beyond its elastic limit. There, 
is no difficulty in the case of a tape, but if a 
wire is not rolled tightly the turns may over- 
ride, and it is safer to insert a spring between 
one end of the wire and its hook on the 
drum, and thus ensure a sufficient but not 
excessive tension. Provision must be made 
for mounting the drum, either on the strain- 
ing trestle or in its carrying box, so that 
it can be easily turned for winding and 
unwinding. 

It is desirable to keep one or more tapes as 
standards, and to use one or more worldng 
tapes for tlic actual base measurement. A 
pair (jf marks similar to those on the trestles 
should be set up one tape-length apart on 
firm -fixed pedestals somewhere near the base, 
for use as a comiJarator for comparing the 
working tapes with the field standards, and 
such comparison should always be made before 
and after the base measurement, even if inter- 
mediate comparisons are not made. By tliis 
means any variation in the length of the work- 
ing tapes can be detected. These latter can- 
not be so effectively guarded against accidental 
damage as the standards. 

§ (42) Theory oe Tapes in Catenary. — If a 
heavy, uniform, and inoxtonsiblo string is stretched 
between two points tlie equations of the curve 
assumed are 

x==cu, 

/ W'* \ 

2/<=ceoahM=cl ■+- . . 

s=«csmhw=.cl .u . 1 , 

whoro s is tiro length measured along the curve from 
the lowest point, c is the length of string whose weight 
is equal to tho tension at the lowest point, and u 
is an independent variable ; also tho tension at any 
point on tho curve is equal to tho weight of a piece 
of striirg equal in length to tho y of that point. 
Hence if w is tho weight per quit length, Tq the tension 
at tho lowest point, T^ and tho tensions at points 
(^i 2 /i)> respectively, tlien o=To/w, 

y2=‘Tjw. 

If I is tho length of tho string ( = S 2 “ ®i)> 

X tho horizontal clistanco (=.r 2 “*i)> 
h the difference in height botween the ends 
(=Z/2~2/i)> 


the problem is to find X in terms of Xq (tho value 
of X when /i = 0) and h. 

X=.r2— aq=c(K2-Mi), 

Z= 52 - (sinh %-sinh u^) 


Similarly 


M., -f-M| . , Un~U, 

1 smk 


Jl=2c sink ^ sinh 


P—Ji- . 2 u^— 


and — — 5 — = sinh^ 

4c^ 


= siiilri ~, 
2 c 


Then 

X=2csinh"^ 

=2cs/z(1-Jz-i-^«3z2-^1’.jz3 4- . . . ) 

Also y®-s^=C”(co 8 lri rt-sinh- w)=c^ 

hence y^^ — y^^ = 

and f(s 2 +Si)=S 2 ^- Si®=Z/ 2 ^- yi==7i(y,2-l-yi), 

^(s2-sri = Z^ 

hence = 7/(^2 •+• 2 / 1 )— 

2ls^=h{y2-]ri/i) +l~, 

and 27^2“ +Si“)=7i2(!/2-f 2 / 1 )“ -1-Z^; 

but 2 c 2 = (2/2“ -1-2/1^) -(«2“+Si“). 

hence 41'^c- +yx“) - h^y^+y^)^-!^ 

■= iHVz +}/if+ 7“7t2 - 7i-(y2 H-yi)- - 


thoroforo z 


4fl^ ( 2 / 2 + 7 / 1 )^ -7^' 


If, therefore, tho moan tension at tho two ends of 
the tape is kept constant, i.c. if ( 2 / 2 + 2 / 1 ) is constant, 
then z is constant, and 

Xo=7(l— . . . ), 

whence 

X=x/7^-h^?° = X„y 1^. 

To find Z, put Z=Xo-|-X, where \ is what is some- 
times called tho “ sag,” then 

>.I-X.-2(.-.)-2.(“’+“;+£+ . . .) 

- / a:® , , a;® \ 

6V®'^7!c®+ 

4T- 

but 4o® = ( 2/2 +yif - Z® = o- Z®, 



whore T is the standard tension applied to the ends, 
hence if T is n times the weight of the tape, 


T—nlw, 



It is desirable that n should bo largo, never less 
than 10 and generally about 20. If 10, the second 
term of the ociuation for A is 

2B • nn‘^\ln^-l) • 

This is less than Xy/18 . 10"®, similarly it is less than 
Xg/SOG.IO'®, when n=20. In such circumstances 
this can bo neglected and we have 


\ 


V Yfi _LV" 

‘ 24: ’ Tn 4wV 

V 1 ,_L, 

24 • V'''4w2^10n^^ 



The second term of this is loss than Xo/24n® . l/4n^, 
i.e. leas than Xo/90?i^, and can frequently be neglected. 

The formula X:=‘Xq\/i ~ is not in a con- 
venient form for calculation, as the actual value of I 
will vary for each span measured. Call L the actual 
length of the tape between its zero marks at standard 
temperature and tension, S the nominal length of 
the tape, and L' the actual length at temperature t 
above the standard temperature, then Xo=S-(-ao, 
where ag is the error of the tape fomid when it is 
standardised. If a is the coefBciont of expansion 
of the tape, we have 

= L( 1 ai) = (Xq -|-X){1 -1-al) = (S -l-X-l-a())(l -[-at). 

In the field we actually measure the difference 
between I and L', hence 

i[=“(S -[-X -[-r^o -f-rtt). 

Here ag depends on the accuracy with which the 
tape is marked, on the accuracy with which the 
trestles are spaced, and at on the temperature. 
With care there should be no difficulty in keeping 
(ag+aj) less than 10 mm., and with n=10, X will 
bo about Xo/2400, at will never be more than 10"^ 
consequently (X-l-ao+®i) sbould never be more than 
Xu/1200, and (X -1-ao H-a]^)(at) will never bo more than 
Xg . 10"'^ and usually much leas. It can therefore 
be neglected. Wo may therefore put Z=S-|-A-fX, 
whore A>=ao-l- Oi-t-Sat, and also Xq^S-I-A. 

The formula for X now becomes 


f ;.a v i 

^“(®'I'A)[1"(S4-A-1-X)4 ’ 

expanding wo got 

X=.(S+A){l-ip(n-^)"“ 




As sho'wn above, A-j-X can without trouble be made 
less than 10~®S, hence if we neglect terms involving 
(A-|-X)^/S® we are neglecting a quantity less than 
even when /i/S = l/3, aird generally very 
much less. For practical purposes, therefore. 



As A(A-1-X)/S is less than JSIO"®, it is negligible 
even on slopes of 1 in 2, so, neglecting this, 

X==S--S * • •) 

/ 7/2 ;,4 ),o 7,8 \ 

-fA-f A ^-i-g gj-j- • • -j 



and wo can write simply 

X»»=S -f-A~ P -j-Q -j-R* 

w'hero 

/ 7i2 7l^ 7;® 7i8 \ 

P^S^iga+i si + Agd+T^B-gs'l' • • •)' 

which oan be tabulated once for all in terms of h 
for any standard tape length ; 

JA Jfi \ 

lsa+'lsi+Ago+AVs8+ • • •)’ 

whioh can bo tabulated for any standard tape length 
in terms of 7* and A ; 



this is always small and oan bo tabulated in terms 
of h for any given tape. 

Strictly speaking, X depends on Xg, but as Xq will 
differ very slightly from S, R can be calculated on the 
assumption that Xqi=S, and no appreciable error 
will bo introduced. 
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kgm., whence \ = 1-728 mm. P is the usual correc- 
tion for slope; it is always to be subtracted 
from the measured length of tho base, and is 
always important. Q will vary in sign with A. 
and only becomes of importance on steep slopes 
and when tho trestles aro badly spaced. R is 
tho correction for the change in shape of tho 
catenary on a slope; it is only of importance on 


So far it has been assumed that tho tape is in- 
cxtensiblo, but provided that the mean tension is 
kept constant, and tho tape is not stretched beyond 
its elastic limit, this assumption will produce no 
error. The formula developed above assumes that 
the mean tension at the ends is kept constant; if 
this bo so, it can bo shown that the true mean tension 
is sulFiciently constant to make no appreciable error. 
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Table I 


Values oit “P” in Millimetees foe S=24 Metres, Ii. in Metres 


h. 

•GO. 


•02. 

•03. 

•04. 

•05. 

•00. 

•07. 

•08. 

•09. 


0 000 

0-002 

BB 

IS 



0-075 

0-102 

0-133 

0-169 

■1 

0-208 

0-252 



Rra^ 

0-468 

0-633 

0-002 

0-076 

0-752 

‘2 

0-833 

0-919 



Rsni| 

MnETia 

1-408 

1-519 

1-034 

1-752 

•3 

1-875 

2-002 

2-134 

2-209 


2-552 

2-700 

2-853 

3-009 

3-109 

•4 

3-334 

3-502 

3-675 

3-853 



4-409 

4-003 

4-801 

6-003 


ml 

6-419 

6-634 

5-852 

HIH 


0-534 

0-770 

7-009 

7-253 


KEl 

7-762 



8-636 


9-076 

9-353 

9-635 

9-921 

•7 


10-604 

10-802 

11-105 

11-411 

11-721 

12-030 

12-356 

12-678 

13-005 

•8 

13 337 

13-072 

14-012 

14-360 

14-704 

15-060 

16-413 

15-774 

16-138 

10-607 


lG-881 

17-258 



18-415 

18-809 

19-208 

19-010 

20-017 

20-428 

1-0 

20-842 

21-201 

21-086 

22-112 

22-644 


23-420 

23-864 

24-313 

24-765 

•1 

25-222 


20-147 

KiMIfl 

27-090 

27-607 

28-049 

28-535 

29-025 

29-520 

•2 

tUlMBl 





32-674 

33-098 

33-020 

34-158 

34-094 

•3 

36-234 

36-779 

30-328 


37-438 

KHl 

38-605 

39-134 

39-708 

40-286 

•4 


41-455 

42-045 



43-842 

44-449 

45-001 

45-077 

40-297 

1-5 

46 -921 

47-649 

48-181 

48-818 

49-459 


60-763 

51-407 

62-005 

52-727 

•C 

63-393 

64-003 

64-737 

55-410 

■^Ttl 

60-780 

67-477 

68-173 

58-872 

69-576 

•7 



01-713 

mssm 

03-168 

03-887 

04-020 

05-358 

00-099 

00-845 

•8 


08-349 

09-108 

09-870 

mma 

mam 

72-183 

72-903 

73-747 

74-634 

•ft 


7G'123 

76-923 

ii-rm 

78-637 


80-107 

80-988 

81-814 

82-644 

2-0 

83 •478 

84-317 


B R 


87-713 

88-572 

89-436 

90-304 

91-176 

•1 




It IK ml 



97 -.398 

98-303 

99-213 

100-128 

•2 




103-826 



100-045 

107-693 

108-646 

109-601 

•3 


111-428 



114-348 


110-315 

117-305 

118-300 

119-299 

•4 


121-308 


123-336 

124-365 


120-407 

127-440 

128-477 

129-618 

2-6 


131-013 


133-724 

134-787 

136-863 

130-924 

137-998 

139-078 

140-101 

•6 


142-341 

143-437 

144-637 

146-041 


147-803 

148-980 

150-102 

161-228 

•7 



164-031 

166-774 


168-072 

169-228 

100-388 

101-552 

102-720 

•8 

103 '893 

105-070 

106-251 


108-020 

109-820 

171-018 

172-220 

173-420 

174-037 

•9 

175-852 

177-072 

178-290 


180-676 


183-233 

184-478 

185-727 

180-980 

3-0 

188’238 



192-037 



196-874 

197-101 

198-453 

199-749 

•1 



203-603 


200-204 


208-942 

210-272 

211-008 

212-947 

•2 


216-638 





222-439 

223-813 

225-190 

226-672 

•3 




232-141 

233-644 

234-952 

230-304 

237-780 

239-199 

240-025 

•4 


243-487 



247-812 


250-717 

252-170 

263-040 

255-107 

3-6 


268-056 





205-601 

267-003 

208-510 

270-021 

•6 


273-066 




ItifilBIrni 

280-717 

282-262 

283-812 

286-300 

•7 




291-624 


KiSvnil 

200-303 

297-952 

299-644 

301-142 

•8 


304-349 


307-673 


310-815 

312-442 

314-074 

315-710 

317-350 

•9 





326-017 

327-284 

.328-965 

330-030 

332-309 

333-993 


4-0 














Values of “Q” in Millimetres for vS=24 Metres, h in Metres and A in Millimetres 


Values of “R” in Millimetres for S =24 Metres, X = 1‘728 mm., h in Metres 


2 

3 

4 


•029 


•031 


•033 


•036 
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SURVEYING AND SURVEYING INSTRUMENTS 


In practice the standard tension is applied at one end 
of the tape, and it makes a differenco whether this 
is the higher or lower end of the tape. The error 
caused is made up of two parts, (1) the clastic exten- 
sion of the tape, and (2) the cliango in the shape of 
tho catenary. Tlio cliango is small in any case, 
but not negligible on steep slopes. If each span 
is measured once with tho standard tension applied 
at tho upper end and once with tho tension applied 
at tho lower end, error (1) will obviously cancel out 
in tlie mean, and it can be shown that error (2) will 
also cancel out almost entirely so that the residual 
error is quite negligible. These errors can thus bo 
easily avoided. 

It remains to consider tho accuracy attainable 
with this method of base measurement. The errors 
can be divided as follows : 

(i.) Errors in Standardising the Tapes. — This is 
most important, as a proportional error in tho 
standardisation of the tape gives the same propor- 
tional error in the final result. A probable error of 
about 0-5p. should bo attainable. 

(ii.) Errors in the Readings. — In talcing readings 
on tho millimetre scales an error greater than 0-2 mm. 
should be very rare. Q'his will give a probable 
error of about 0-0(J mm. for one reading of one scale. 
If twenty readings are taken in all, tho probable 
error for one tape length will be about 0-02 mm. 
As this error is in no way systematic, the error for 
tho whole base will only increase as the square root 
of the number of tape lengths, so tho error for a 
5 km. base measured with 24-m. tapes would only 
bo about 0’07|M. 

(iii.) Errors due to Temperature. — In reasonable 
conditions tho temperature of tho tape should bo 
known to within 1° C., whioh would give a maximum 
error of 0-5,u. for any one span. The error in the mean 
should bo much less than tliis, probably not more 
than a tenth. 

(iv.) Errors due to Change in the Tension. — If the 
tension is appUed during tho measurement by an 
apparatus diiloront from that used when the tape 
is standardised, a constant error may bo introduced, 
whioh may bo serious. An inorcaso in tension acts 
in two ways — (a) by flattening tho catenary, (6) by 
stretching tho tape, tho eiTor caused by a change in 
tension 5T being 

5T 

2\^-|-vf5T. 

whore ijv is the cross-section multiplied by Young’s 
modulus. If 6T/T«»0-01 tho error due to (a) will 
bo about l-5,u, and that duo to (b) about3'0,w, v being 
about 0-0007. The standard tension should there- 
fore bo kept constant to within i^jj-th per cent to 
ensure an error not greater than 0-6yu. 

(v.) Errors due to Change in Weight due to Dirt, etc. 
— A change in w will produce a change in the shape of 
the catenary, and -win alter X by an amomit 2X5w/w, 
and with the standard wire when X=l-72 mm., 
17-32 gm., a change of 1 per cent in w will cause 
an error of 0-036 mm., or l-Bp. 

(vi.) Errors due to Assuming Incorrect Values for 
T and w . — Such incorrect assumptions will lead to 
an incorrect value for X. If tho tape has been 
standardised on the flat, and then used in catenary, 
it is necessary to know X with the same accuracy as 
A, and any errors in the values assumed for T and 
w will produce tho errors given above (iv, and v.) 


for a change in T and w. If the tape has been 
standardised in catenary the correction R is the only 
one affected, and tho error introduced will always 
be less than 5X, and generally very much less. With 
/t/S=0-5, 5R is about 0-35X. 


5X-2X™Hr2X— , 
T w 


hence 5R is less than 


O-G^dO-C^-, 
1 w 


hence an uncertainty of 1 per cent in T or w will only 
produce an error of about 0-2ju, even on very steep 
slopes, when using the ordinary 24-m. wire. 

(vii.) Errors due to Inaccurate Measurement of h . — 
An error in h affects all three corrections P, Q, and R, 
but P is the most important. 

. . . , 


which increases rapidly as h increases. A probable 
error of 1-6 mm. in h is easily obtained, in this 
case 5P"=O-flO0OG/j, if h = 2 m. for every span the 
probable error of P per span is 0-12 mm., or S/x. 
This error, however, will largely cancel out, and for 
a base of 200 spans the probable error will only 
be 6/ \^2 o 6, or O-SS/U ; even witli A =4 it will still be 
under 0-7ju.. With care tho probable error of h 
cair bo reduced to 0-6 mm., in wMoh caso slopes of 
^ can be measured, still keeping tho final probable 
error below Ija. 

(viii.) Effect of Change of Qravily. — If the tape is 
standardised in one place, and used at another, the 
effect of change of g must bo considered. An increase 
in tho value of g will increase T and w, both in the 
proportion Sgjg. Tlio increase in T will increase I 
by an amount vlTdglg, and this can, if necessary, he 
allowed for. As w/T remains constant X will not be 
approoiably alfootod. If tho tension be applied by 
a spring and not by a weight, T will remain constant, 
but M will alter. In this case I tvill remain constant 
but X will be slightly increased, and this can also be 
allowed for. 

Refemnces fob, § (42) 

For fuller details of the above theory see Profession^ 
Papers of the Ordnance Survey, Now Series, No. 1, 1902. 

Use of Invar Wires,” llenolt and Guillaume 
(too. cU.). 

(Tho tables for correction due to change in shape 
of tho catenary on a slope arc incorrect, being about 
double the correct amount.) 

Report of U.S. Coast and Geodetic Survey, 1892, 
App. 8. 

A. E. Young, Phil. Mag. xxix. 90 (considers the 
effect of the rigidity of tho tape). 

A paper by O. H. Knlbbs (Journal of the Bx>yal 
Society of New South Wales, xlx. 29) on “ A System of 
Accurate Measurement by Means of Long Steel 
Ribands,” gives formulas which apply more especially 
to the method by which the sag correction Is 
eliminated by altering tho tension. 

0. W. Adams, in a paper on “The IMeasureinent of 
Distances with Long Steel Tapes,” read heforo tlie 
Victorian Institute of Surveyors in 1888, gives tables 
for tho sag corrections for a number of cases. 

Tho last three papers apply more to accurate 
traverse work than to base measurement, 

E. O. H. 
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issued with the Report of the Supermtendent of the 
U.S. Coast and Geodetic Survey for 1901-2, p. 420 
(Washington, 1903). 

The Aceoimts of the Ordnance Survey, The Survey 
of India, The U.S, Coast and Geodetic Survey, and 


siiniiar publications siiould lie referred to for details 
of actual large surveys. 

General reports and summaries of progres.s appear 
in the Verhandlung der allgemeine. Konfcrcnce der 
europdischen Gradmessung, after 188C der Inter- 
nationalen Erdmessung (Berlin, 18C5-1912). 


Symmetry, Elements oe, BELONGiNCi to a 
Crystal : axis of symmetry. See 
“ Crystallography,” § (6) (ii.). 

Plane of symmetry. See ibid. § (0) (i.). 
Symmetry op Crystals, Classes op. See 
“ Crystallography,” § (8). 


T 


Taohometrio or Stadia Surveys, general 
methods. See “ Surveying and Surveying 
Instruments,” § (20). 

Talbot’s Law, concerns the apparent bright- 
ness of intennittent lights. See “ Eye,” 
§ ( 18 ). 

Tank Furnaces por Melting Glass. See 
“ Glass,” § (15) (ii.). 

Tapes in Catenary, Theory op. See “ Sur- 
veying and Surveying Instruments,” § (42). 
Tapes or Wires in Catenary por Base 
Measurements. See “ Surveying and 
Surveying Instruments,” § (41) (ii.) and 
(iii.). 

In travei-ses. See ibid. § (12). 

TARTARIC ACID. 

OPTICAL ROTATORY POWER OF 

§ (1) Historioal. — The optical rotatory power 
of tartaric acid was discovered in 1832 hy 
Biot,^- who devoted one of his longest memoirs “ 
to a detailed account of its properties when 
mixed with water, with alcohol, and with 
wood-spirit. Biot found that tartaric acid, 
when “ dissolved in different fluid media, 
exercises on the planes of polarisation of 
light a special power, which distinguishes it 
from all other substances studied hitherto.” 
These had agreed with quartz in obeying, at 
least approximately, Biot’s law of inverse 
squai’os, according to which the rotation is 
proportional to the reciprocal of the square 
of the wave-length of the light.® This agree- 
ment had been verified in the case of turpentine, 
alone and mixed with ether, and of cano- 
sugar dissolved in water, (i.) by comparing 
the tints with those produced by equivalent 
plates of quartz, and (ii.) by eliminating the 
effects of rotatory polarisation with the help 
of a quartz plate of opposite sign acting as a 
compensator. When, however, tartaric acid 
was compared vdth quartz, no such parallelion 

^ M4m. Acad. Sci., 1836, xill.. Table G, p. 168 ; 
paper read Nov. 6, 1832. 

* Ibid., 1838, XV. 93-279 ; paper read January 11, 
1836. 

® See " Quartz, Rotatory Power of,” § (3) (i.). 

* Mdm. Acad. Sci., 1838, xv. 236. 


was observed, the rotations of the common • 
dextro-rotatory acid for the chief colours being 
as follows : ^ 



Quartz. 

Tartaric Acid. 

Red .... 

■18 •90'’ 

38° 7' 

Orange 

21-40 

40 29 

Yellow .... 

23-99 

42 51 

Green .... 

27-80 

46 11 

Blue .... 

32-31 

44 40 

Indigo .... 

30-13 

42 9 

Violet .... 

40-88 

39 38 


Similar jihonomona were observed when 
tartaric acid was dissolved in alcohol,® but 
Biot found that “ when it combines with basic 
substances in the same media, it loses its 
special action and imprints on the products 
the properties common to all bodies endowed 
with rotatory power.” ® 

§ (2) Inpluenoe op Water. — Biot dis- 
covered that “ in aqueous solutions of tartaric 
acid at a given temperature, the rotatory power 
of the acid calculated for each simple ray is 
always of the form A H- Be, where e represents 
the proportion by weight of water in the 
solution.” ’ This law was illustrated by 
plotting a against e for a series of wave- 
lengths, in a diagram (Fig. 1) which resembles 
the “ Ciharacteristio diagram ” of Armstrong 
and Walker.® Biot’s linear law is only an 
approximation, but it enabled liim to predict 
that the rotatory power A of the anhydrous 
acid, for the red light transmitted by glass 
coloured with cuprous oxide, would change 
sign at 23° 0., being positive above tMa 
temperature and negative below it.® This 
prediction was vorifiod, after an interval of 
over ten years, when Laurent^® in 1849 dis- 
covered a method by which moistened tartaric 
acid could be fused and cooled to a trans- 
parent glass in thicknesses up to 76 mm. ; 
a column 70 mm. in thickness at 3-6° C. then 

“ Mdm. Acad. Sci., 1838, xv. 245. 

" Ibid., 1838, xvi. 229 ; paper read Nov. 27, 1837. 

’ Ibid. XV. 216 ; Comptes Rendus, 1835, i. 469. 

6 Proe. Roy. Soc., 1013, A, 88, 388-403. 

» Mdm. Acad. Set, 1838, xvi, 269. 

“ Ann. Chim. Pliys., 1850, xxviii. 363, 



gave [a]re,i= - 2‘787°, where Biot’s calculations 
gave the value -2-752°. Quite recently these 
experiments have been extended by Bruhat,^ 


tures ranging from 15° to 185° C., and for 
colours ranging from w.l. 430y./x to 681g^ ; 
these rotations aro therefore available as 



who has measured the rotatory powers 
of the fused or glassy acid at tempera- 
> Trans, Faraday Soc., 1914, x. 89. 


limiting values to check the formulae used 
to express the influence of dilution with water 
on the rotatory power of the acid. Thus 



Winther^ made use of a parabolic formula 
to express his measurements, which were not 
covered by the linear law ,• but this parabolic 
formula gives larger errors for the anhydrous 
acid than docs the linear formula. The most 
recent investigations have shown that an 
equation with five arbitrary constants would 
probably bo required to express accurately 
the relationship between rotatory power and 
concentration ; apart from this, a linear law 
is probably the best approximation, e.g. the 
following formulae are coiToct at e=0-55 and 
0'86, and do not differ very widely from the 
observed values even at e = 0. 


Table I 

Spegipio Rotations op Tartaric Acid in Aqueous 
Solutions at 20° 


Wavo-Iength. 

Rotation. 

Cd 04.S8 

[al= 0-7733 + 12 -OSOTe 

Na 5893 

[a]= 0-1100 + 14-7433e 

Hg 5780 

[a]=- 0-1410 + 16-4183e 

Hg 5461 

[a]=- 1 -0350 + 17-00006 

(Jd 5086 

[a]=- 2-073G 20-G220fl 

t’d 4800 

[a]=-- 4-9528 +23 -8233c 

(kl 4678 

[a]-=- 6-3217 +26-6007C 

Hg 4,358 

[a]=- 11-1982+30-21076 


§ (8) Eotatory Dispersion in Taetario 
Aoid and its Esters. — Although the rotatory 
dispersion of tartaric acid and many of its 
derivatives is highly anomalous, it has boon 
found that the rotatory powers of methyl and 
ethyl tartrate {Fig. 2), both as homogeneous 
liquids and in a wide range of solutions, can 
bo expressed by formulae of the typo ® 


In this formula the positive and the negative 
term are each of the typo that serves to express 
the rotatory power of the large array of 
substances which exhibit “ simple ” rotatory 
dispersion, as expressed in the formula 


This result is in accordance with the view of 
Biot, subsequently elaborated by Arndtsen,* 
that anomalous rotatory dispersion can bo 
produced by, and is commonly duo to, the 
incomplete compensation of the rotations of 
two compounds, opposite in sign but of un- 
equal dispersive power, so that complete com- 
pensation is only possible for one wave-length 
at a time. 

The dispersion curves for tartaric acid 
resemble those for the esters very closely, 


' Zeitschr. physiM. Chem., 1002, xli. 186. 

’ Lowry and Dickson, Trans. Chem, Soc., 1916, 
evil. 1173 ; Lowry and Abram, ibM. p. 1187. 

" lAiwry and Dickson, 1913, cili. 1067. 

* Ann. Chim. Phys., 1858, llv. 421. 


e.g. Bruhat’s curve for the specific rotatory 
power of glassy tartaric acid at 44-6° is 



identical with, and can be superposed on, 
Winther’s curve for methyl tartrate at 80° ; 
there can, therefore, be no doubt that the 
glassy acid behaves as a lower homologuo 
of the esters. The dispersion-curves for 
aqueous solutions of the acid, which are shown, 
graphically in Fig. 3, can also be represented 
by the same formula as in the case of the esters, 
the values for the constants in a few typical 
cases being as follows : 


Tajii.e II 

Rotatory Dispersion in Aqueous Solutions oe 
Tartaric Acid at 20° 



1- 

““a a I 
Aa - 


ft* 


A,». 




0-46 

0-030 

0-074 

17-127 

12-093 

0-50 



17-486 

12-043 

0-55 



17-080 

11-877 

0-00 



18-053 

11-806 

0-05 



18-307 

11-812 

0-70 



18-709 

11-799 

0-75 



18-930 

11-714 

0-80 


99 

19-160 

11-024 

0-85 

9 f 


19-485 

11-005 

0-00 



19-067 

11-475 

0-95 

S» 

99 

19-592 

11-108 




§ (4) Othise Derivatives or Tartabio 
Aoid. — ^I n the case of the tartrates of the 
alkah metals, tlio principal anomahes noted 
in the acid disappear, as Biot recorded in 


smaller, so that the rotations are positive 
throughout the visible and part of the ultra- 
violet spectrum. The moat interesting of 
the derivatives of tartaric acid are boro- 



1837 ; thus the solutions are consistently 
dextrorotatory and tho rotations increase 
progressively Tvith diminishing wave-length 
( Fig . 4), in some cases in close aiiproximation 
to the law of inverse squares. A careful study 


tartaric acid and tartar emetic, since these 
alone amongst the substances hitherto in- 
vestigated give dextrorotations obeying the 
“simple” dispersion law. In the case of tartar 
emetic the rotations become negative when 



Scale of Waee-lengthe 


Fig. 4. 


of those rotations ^ has shown, however, that 
they cannot he expressed by the one-term 
equation which applies to cases of “simple” 
rotatory dispersion, but require a formula 
with two terms, just as in tho case of the acid ; 
the negative term is, however, very much 
^ Lowry and Austin, Bakerlan Lecture, 1921. 


the salt is dissolved in concentrated potassium 
hydroxide, hut these solutions, hke those 
of the original salt, exhibit simple rotatory 
dispersion. 

§ (5) Origin of Anomalous Rotatory 
Dispersion. — The vast majority of optically- 
active compounds, including the secondary 




liols, and the sugars, exhibit simple rotatory 
srsion, although they may contain a 
iderablo number of asymmetric carbon 
IS, often in close association with the 
turated linkages to which so many 
ial anomalies are due. The structural 
ula HO • CO • CHOH • CHOH • CO • OH 
nonly assigned to tartaric acid gives no 
as to why this acid and its esters should 
anomalous rotatory dispersion, when the 
ly related sugars do not. It is thore- 
probable that this formula is not a 
ilote representation of the molecular 
ituro of the acid as it exists in the fused 
' or in solution, although it may perhaps 
ide a correct picture of the structure 
he solid crystalline acid. In the case 
trocamphor ^ it has been jrrovod that the 
ions contain a labile isomoride of opposite 
lory pcnver, which is reconverted into the 
nal compound when the solutions are 
'od to crystallise. This labile isomeride 
rot beeir isolated, although several of its 
ativos are Icnown ; these possess a high 
I’orotation, whereas the parent substance 
evorotatory in most solvents. A satis- 
ry explanation of all the observatioiis is 
I by assirming that in solution a reversible 
jrio ohairge takes place, as represented 
10 scheme 


'C:NO-OH 


^CH • NOj 

»<r I I 

\co \.oo 

itrooamphor. Pseudonitrocamphor. 


phenomenon is usually described as 
ramie isomerism.” 

the case of tartaric acid the evidence 
re existence of a labile isomoride in solu- 
is less complete, since it is not possible 
Ilow the progress of the isomeric change 
.eans of the changmg rotatory power or 
barotation ” of the freshly dissolved 
rial ; but the solutions have all the 
il properties of a mixture of isomeridos 
pposito rotatory power and unequal 
rsion, and there are no observations 
r contradict the view thafc the hypothesis 
ot and Arndtson as to the origin of the 
alous dispersion can bo applied. 

3 structure to be assigned to the labile 
of tartaric acid has not yet been deter- 
1, although derivatives of both forms 
3W Icnown (see § (4) above) which exhibit 
0 rotatory dispersions of opposite sign 
nequal magnitude. 

i) Dbxteo- and Ladvo-tabtaeio Acid. 
virtue of the two asymmetric carbon 
j which it contains, tai-taric acid can 
in four modifications, of which two are 
illy active and two inactive. These may 

Lowry, Trans. C/iem. Soc., 1899, Ixxv. 211. 


be represented conventionally thus ; 


HO • CH • COOH 

HOOG • CH • OH 
d- Tartaric acid. 


HOOG • CH • OH 

HO • CH • COOH 
Z-Tartaric acid. 


Racemic acid (inactive). 

HO • CH ■ COOH 

I 

HO • CH • COOH 
»n.e50-Tartaric acid (inactive). 

Racemic acid was discovered by Kestner 
in 1822, and rogai’dod as an “ isomer ” of the 
common tartaric acid, which Scheele had 
described in 1709; but it was not until 
1848-63 that Pasteur, by carefully sorting 
out the crystals of sodium ammonium racemate, 
proved that racemic acid is a mixture of the 
common dextrorotatory tartaric acid with an 



Dextro-tartaric Acid. Laovo-tortaric Acid. 
Fia. 5. 


equal amount of an enantiomorphous laevo- 
rotatory acid. The properties of this acid 
are an exact replica of those of the doxtro- 
acid except as regards rotatory power, 
crystalline form, etc., whore a reversal of 
sign is possible. All the phenomena of 
anomalous rotatory dispersion, which have 
boon deacrihocl in the previous paragraphs 
for dextro-tartario acid, 
are therefore rexroated in 
lao VO -tartaric acid, but 
with the sign of the 
rotations reversed. 

The relationship be- 
tween rotatory power 
and crystalline form 
which exists in the case 
of quartz (q.v.) is found 
again in tartaric acid and 
the tartrates. Thus the 
crystalline forms of d- 
and Z-tartaric acid, as 
shown in Fig. 5, are 
onantiomorphous just like dextro- and laevo- 
quartz. On mixing these two acids, how- 
ever, they unite to form a racemic acid 
{Fig. 6) which crystallises in a form in which 
enantiomorphism does not occur. All the 



metallic tartrates unite in a similar manner 
with tlioir isomorides, giving rise to inactive 
double-salts or “ racemates ” in which no 
enantiomorphism exists. In one solitary 
instance, however, namely, in the case of 
sodium ammonium tartrate, the racemate 
breaks up, at temperatures below 26°, into 
the two comironont tartrates, whicli therefore 
separate from cold solutions in onantio- 
morphous crystals of equal and opposite 
rotatory poAver ; it was by the study of this 
unique case that Pasteur Avas led to tlio 
discovery of the relationsliip between optical 
activity and crystalline structirro and to the 
experiments which culminated in the isolation 
of laevo-tartario acid. t m n 


Taylor, H. Dennis, details of triple astro- 
nomical objective by. See “ Telescope,” 
§( 5 ). 

Tebth-outtxng for Divided Circles. See 
“ Divided Circles,” § (8). 

Telemeter, Stereoscopic. See “ Range- 
finder, Short-base,” § (2). 

Telephone as Sound Reproducer. See 
“ Sound,” § (58). 

Telephotometbr : an instrument for measur- 
ing the brightness of a distant surface. See 
“ Photometry and Illumination,” § (118). 


TELESCOPE, THE 

The aim of this article is to describe the 
telescope as a physical instrument, defined 
by the limitations which are imposed upi)n it 
by the purposes to which it is directed, by 
the construction of its optical parts, and by 
the geometrical features of its support or 
mounting. This will exclude the description 
of some forms, the interest in the construc- 
tion of which is purely astronomical or which 
are otherwise restricted to special technical 
application. It will limit the theory to those 
geometrical cases that subserve the purpose 
of rendering visible inaccessible and distant 
objects. In essence, the method of making 
a distant object aoceasiblo is to replace it by 
the imago of it which a converging lens or 
mirror forms near its principal focus. This 
imago may then bo improssod upon a photo- 
graphic plate, or examined visually with a 
second lens. In tho latter case the second 
lens or eyepiece is treated as part of tho 
telescope, illhis difference separates tho tAvo 
cases so Avidely, as problems of optics, that they 
will require in large measure scj)aratc theoreti- 
cal treatment, different features rising into 
importance or drojjping out of it, in the one 
case or the other. 


§ (1) Geometrical Theory. — We shall 
begin by rehearsing the results of geometrical 
optics as far as they aiiply to the visual 
telescope consisting of an objective and 
eyepiece. The standard case — to which any 
other actual ones are approximate — ^for an 
object given “ at infinity,” places the image 
also “ at infinity,” since tho normal eye at 
rest brings a parallel beam to a focus on the 
retina. Hence, regarded as a general optical 
instrument, the telescope is a degenerate 
case, with all the cardinal j^oints at infinity 
and the focal length infinite also. Only 
one case need be considered, namely, that in 
Avhioh objective and eyepiece both act like 
converging lenses. The Galilean combination, 
in which the eyepiece is a negative lens, is 
now obsolete oven as a field glass, though 
it has found application elseAvhere in the tele- 
photo lenses of cameras. In regard to eye- 
pieces it is customary to distinguish one of 
tho two standard forms, the Ramsden, as 
liositive, and the other, the Huyghens, as 
negative. But in theory both are of the same 
type, acting like a single converging lens, in 
Avhich the anterior principal focus precedes 
tho anterior unit point, the essential differ- 
ence being that for the Huyghens eyepiece 
this principal focus lies between the tAvo 
lenses and is therefore inaccessible for spider 
threads or tho apparatus of measurement. 
In fact the Huyghens eyepiece, turned round, 
is used as a magnifying lens under the 
name of Wollaston’s doublet. See below, 
§( 0 )- 

Moreover, as far as simple point-to-point 
correspondence goes, any combination of 
lenses used as objective or as eyeiiieoe differs 
from the ideal “ thin lens ” only in separat- 
ing the two unit points. Suppressing this 
difference, we may summarise all tho cases 
under a single model. 

Let A, a {Fig. 1) be the positions of the 
objective and eye lenses respectively, or of 



Pia. J. 


tho (united) unit points of the objective- 
and eye-combinations, tlio lenses being treated 
as thin ; E, E', /, /' the anterior and 
posterior principal foci of those. In the pre- 
sent case E' and / coincide. Let ‘h = FA = AF', 
^=.fa=af. Now any ray entering parallel 
to the axis will emerge parallel to the axis, 
its distance from the axis being reduced 
by the factor afj AF' = - f/)/q> = - l/?n, say. It 
follows that if Qq is the imago of any object 
Pp, the linear magnification is - 1/m, the 
same for all distances. To find the relative 


ositions of P, Q, call R tho intermediate 
)ous. Then ’• 


FP 


= RF = R/= 


€ 

/Q’ 


r 


FP = to2./'Q. 


c P is to the left of F, Q is to the left of 
Iqually, if Pj^, P^ be any two objects and 
!i, Qa their images, 


PlP 2 = W“. Q1Q2. 

; is to bo noted that F, f' are themselves a 
air of conjugate points. So also are points 
b infinity. 

If M be the object which gives an imago 
b a, and N tho imago of an object at A, 
0 have 

MA = m . Aa=m '^ . aN, 


id the object space and image space are 
ivided up into corresponding regions as 
•Hows {Fig. 2) : 




Object Space 


(4) /'n 


m: 

F; a: 

a 

Co 

/mage Space 



d') 

(4) 


A 

Pig. 2. 


( 3 ) 


For rays not parallel to the axis, the con- 
ruction is obvious. If y, y' are the relative 
"eadths of object and imago, and /3, f-i' the 
igles between original rays 1, 2 and the 
)rrosponding emergent rays V, 2', we have 
% 3) 



Fig. 3. 


.2/=/3 . PiPg, y'=ji' . QiQaJ 

it PiPa-m^.QjQa 

id y=-m.y', 

I that /3'= — TO^, 

id the magnification of angle between any 
ifo rays is the same for all positions, as, 

' course, follows from the general theorem 
lat the angular magnification is the reciprocal 
the linear magnification. The apparent 
stance for any object is simply 1/m times the 
stual distance. 

^ See “ Lenses, Theory of Simple,” § (3). 


The field of view is governed by the aper- 
tures 2b, 2B of the eye gla.ss and objective. 

The object glass gives as image {Fig. 4) a 
ring of radius NN'=B/m, which is the “ exit- 
pupil,” through which all rays meeting the 

— |6 . N 

M F A OfO 

m’ 

Fig. 4. 

object glass pass on emergence. Similarly, the 
eye glass is the image of a rmg M' = bm, and 
this ring is the “ entrance-pupil,” through 
which, again, all incident rays must pass. 
It follows that the field of view which re- 
ceives full illumination is of angular radius 
(6w- B)/MA = (6- B/m)/Aa, while the radius 
of partial illumination extends to {b + B/m)/Aa. 
It will be remarked as evident that, apart 
from considerations of full and partial illu- 
mination by the object glass, the field com- 
manded by the eyepiece is simjAy bJAa, and if 
6/B = m = ^/'h, no beams except those parallel 
to the axis will pass completely through the 
instiument. 

By an increase of the aperture the fully 
illuminated field is diminished, while the 
partially illuminated field is increased. 

Any beam of light filling the object glass of 
radius B, and emerging through the exit- 
pupil of radius, say, Pq, is thereby intensified 
in the ratio (B/po)®, or m". But if the beam 
issues from an object of finite area, it will be 
spread on emergence over an image increased 
in angular area in the same ratio, and the 
“ brightness of the image will be equal to the 
brightness of the object,” except for loss by 
absorption and reflection of light in the tele- 
scope. To see the significance of this state- 
ment clearly, the part played by the eye must 
bo considered. 

In Fig. 5 Pp is an object ; two rays PA, pA 
meeting the object glass at A emerge as QN, g'N, 
If the eye bo placed so that N is its ante-nodal 


pi A 

, Pig. 6. 

point, these rays proceed in parallel directions 
through N' the post-nodal point, and the area 
of the retina covered by the image is seen to 
be X that which would have been covered 
had the telescope been removed and the eye 
placed at A. Two qualifications, however, fall 
to be noticed. The retina is not continuous, 
and fails to recognise stimuli as distinct which 
fall, it is supposed, on the same element of its 
structure. These elements subtend angles of 
about 1 minute of arc at N'. Hence, if Qj 




subtends less tlian this angle at N, the in- 
tensification of the beam wliich the object 
glass effects will not be dissipated in its effect 
on the retina, and the brightness of a “ point- 
source ” will be increased by a telescope in 
the ratio m^. Or, rather, in comparing the 
light gathered by the telescope with what the 
eye unaided would acquire, we have the ratio 
where x> is the radius of the pupil of 
the eye, and not m^, Avhich is equal to 
Hence, for a telescope applied to a point- 
source, the intensification of light is constant 
and not dependent on the magnification em- 
ployed, apart from changes in the pupil of 
the eye ; but if applied to a finite area the 
intensity is never increased, and when the 
magnification is sufficiently high it is dimin- 
ished in the ratio {pJpY. Thus, for example, 
taking the diameter of the pupil of the eye as 
one-fifth of an inch, with a five-inch telescope 
the intensification of the light of a star would 
be about 26® times, equal to 7 magnitudes, 
while the background of the sky would bo 
progressively darkened, if the eyepiece em- 
ployed gave a magnification above 25 times ; 
a power of 100 Avould darken it IG-fold.®- 

§ (2) Defects of the Simple Theoey. — 
This is the primitive theory of the telescope. 
Wo must now indicate how it is modified by 
actual oiroumstances, namely, (1) aberrations, 
or faults in the theory of strict linear corre- 
spondence ® in the object and image space ; 
(2) diffraction phenomena ; and (3) chromatic 
qualities of the glass employed, and other 
considerations. 

In dealing with those points wo may now 
pass also from the visual telescope to the 
photographic instrument and direct attention 
to the faults of the field produced by the 
objective at its principal focal plane, treating 
the eyepiece briefly afterwards from the point 
of view of its capacity to correct some of the 
faults. 

The telescope is distinguished from other 
image-forming systems as an instrument in 
which tlio ratio of semi-aperture to focal length 
is small, seldom reaching the value 1/10. The 
angular radius of the field considorocl is of the 
same order. Those are the elements upon 
which the geometrical ahor rations depend, with 
numerical factors arising from the curvatures 
of the refracting or reflecting surfaces, their 
separations, refractive indices, etc. In such a 
ease the aberrations can be expressed in. a 
series proceeding by ascending odd powers of 
the aperture ratio and the angular radius of 
the field. 

Thus, if the exact expression for size and 
position were worked out, for the imago corre- 

^ On the use of night glasses, for terrestrial objects, 
cf. Baylolgh. CoUecUd Works, if,, Art. 82, 00. 

* For further details see “ Optical Calculations,” 

§( 2 ). 


spending to any given object, if we retain 
only terms of the first order of the angular 
radius, we have the exact Linear correspondence 
of object and image field sketched above ; but 
if we retain the third order of both the vari- 
ables jointly, we have a treatment of aberra- 
tions sufficient for the telescope. 

§ (3) Von Seidel’s Five Abeeeations. — 
Under the above limitation the independent 
aberrations are five in number only, for all 
pairs of conjugate foci, as was shovm by 
Seidel.® Supposing only one is present at a 
time, they permit of simple description. Using 
B, <t> as above, so that 2B/‘I> is the aperture ratio, 
let /9 be the angular distance of the object point 
from the axis of the telescope. Let etc., 
represent the aberrational coefficients expressed 
in terms of the curvatures and refractive 
indices of the lenses.^ Then we can describe 
the matter as follows : 

(i.) Spherical Aberrations . — Raya which are 
originally parallel to the axis, from different 
zones of the object glass, strike the axis at 
different points {Fig. 6). It follows that the 
whole beam is collected within a “ least circle 



of aberration ” at a certain distance from the 
principal focus. The angular radius of this 
circle can be shown to be . S^G, and 

it comes after the principal focus by a dis- 
tance . djQ. The extreme aberration is 
pM>.5iG. 

(ii.) Coma . — For an oblique ray, for the same 
zone, different points do not bring to co- 
incidence parallel rays impinging on them. 
Rays from diametrically opposite points of 
the zone intersect, but the intersections are 
distributed round a circle (Fig. 7), the centre of 
which is displaced, by an amount equal to its 
diameter, from the focus corresponding to the 
middle of the object glass ; in consequence 
the light from a point is distributed in a 
flare or fan, of 60° opening, with its tip at 
the linear focus. The “ comatic radius ” is 

. B ®/4> . SgG. The condition SaG = 0, implying 
equality of magnification for different zones, 
is sometimes Imown as the Fraunhofer condi- 
tion, and sometimes as Abbe’s sine condition, 
from the form it takes for wide angle systems, 

“ Ast. Nach., 1863, xxxvil. 

* Methods of calculating these coefficients will ho 
found la “ Optical Calculations.” 



for which naturally it is of supreme importance. 
It is of hardly less importance for astronomical 
photography, and in the Newtonian reflector 
with the high aperture-ratios employed, the 
presence of coma spoils the images and scatters 
the light most seriously when the field is wide. 

(iii.) and (iv.) Astigm.alism and Curvature of 
the Field . — These are faults depending upon 
the square of angular radius of the field. Bays 
from difieront points of the objective are not 


5311 = 0 , where e measures the departure of tlie figure 
from a spherical shape, e = l corresponding to a 
parabolic section. The distortion, is zero. Tlio 
comatio displacement is 2/3. BVR®, directed out- 
wards; for example, with an aiiorturo this 

reaches lO* at a distance of 34' from the centre of the 
field ; for the same figure the radius of the least 
circle of aberration Ls (1 - e) x G"-4. 

For a system of two thin lenses in contact, 
the values of the coefficients may be written 
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brought to any one focus. They do, however, 
all moot two “ focal linos,” a secondary focal 
lino in the piano of the axis, and a primary per- 
pendicular to it {Fig. 8), while midway between 
the two linos they all pass within a certain 
“ focal circle,” which gives the best approach 
to stigmatio roproaontation. The curvature of 
the field may bo considered to bo that of the 
surface upon which the focal circles lie. The 
radius of tho focal circle is . B/d> . SgH, and 



the curvature of tho field l/'h . (SgG-f- 5aH), — 
two independent quantities. The condition 
which is somewhat erroneously known as 
Petzval’s “ condition for flatness of field ” 
implies and only gives a flat field 

if 5a.I-I=0 or if the system is otherwise made 
stigmatio. 

(v.) Distortion . — This is a representation of 
the object field on the imago field stigmatioally, 
but on a scale that varies Vi^ith the angular 
radius /3. The angular measure of distortional 
displacement is denoted by /3®/F . 

As a simple example wo may write down tho values 
of these oooffioionts for tho concave mirror of 
radius R, and therefore focal length R/2. Wo have 
5iG=.-(l-e)/R®, S2G-.-1/R, SaG-O, SaH--!, 

^ For further particulars on these coefficients of 
aberration sco Sampson, Phil. Trans., 1 912, ccxil, 149 ; 
1913, eexUi. 27. 


down in terms of curvatures and refractive 
indices, and furnish a good guide to the 
actual case of an ordinary objective, since the 
aberrations are not greatly altered by small 
separations between the surfaces. Denote by 
Oi, Ca the curvatures of tho anterior and 
posterior faces of the first lens, reckoned 
positive when convex to the ray, Ijn its re- 
fractive index, and write 7s = (l - Ca), 

^ = hn, l/?i)(Ci-t-Ca), so that k is the 

reciprocal of the focal length, p is Pofczval’a 
expression, and q measures tho distribution of 
curvature between tho faces for given focal 
length, and distinguish tho like quantities for 
the second lens by an accent ; then, omitting 
S^Gc, tho expression for which is too complicated 
to be of much service, we have 

OjG* - iinkq +n'k'q') 

— - n'kk' - \n'k'^ - {k -hifc')® 

== — \{nkq -\-n'k'q') 

- l{n - n')k^ - ( 1 \n'){k P)®, 

53G«-(i+|) 

SaH-.-!, 

5aH=0. 

Hence for a pair of thin lenses in contact 
the distortion is zero, tho radius of the focal 
circle depends only on the aperture ratio B/F, 
and not at all upon the curvatures of the 
faces ; the same is approximately true of tho 
curvature of tho field. The comatio displace- 
ment, 2p . B®/F. 52G=2j3B®K5aG, gives an out- 
ward directed fan when positive, and inward 
when negative. Examining the expression wo 



see that it cannot bo zero unless one at least 
of the quantities hq, h'q' is negative, correspond- 
ing to 0^2 or the anterior 

faces flatter. Roundly speaking, a lens bulged 
outward towards the incident liglit gives coma 
directed towards the axis, and conversely. 

Since little or nothing can be done with 
astigmatism and curvature of the field, these 
are usually jmssed over, and the faults of the 
objective considered 1 under the heads : (1) the 
difference of points of concurrence of rays 
originally parallel to the axis, according as 
they strike the object glass centrally or at the 
rim, i.e. a measure of the extreme spherical 
aberration ; and (2) the difference of focal 
lengths for rays falling in these manners ; this 
is equivalent to a determination of the comatic 
displacement as a difference of magnification, 
zone by zone. There are further considerations 
of the chromatic changes in these aberrations, 
namely, in the position of the principal focus 
for paraxial rays, in the 25rincipal focal length, 
and the chromatic difference of spherical aber- 
ration. The correction of this last fault is 
known as Gauss’s Condition. The questions of 
chromatic correction are considered below. 

§ (4) PiiAOTioAL Treatment oe the Aberra- 
tions. — For visual work and for photographic 
work confined to the centre of the field, the 
jirosence of a moderate degree of coma would 
matter little, did it not make the definition 
sensitive to small faults in “ squaring-on ” the 
objective. For small eeraontod objectives a 
more common and often a gross fault is error 
of centring. Each lens surface possesses a 
definite axis and “ centre,” being the line 
joining the centres of the anterior and posterior 
spherical surfaces and the points whore this 
line meets the surfaces resxiootively. For the 
two constituents of a doublet the centres of 
contiguous faces must be set in coincidence. 
The further condition that tlio directions of 
the axes must also coincide A^ill then provide 
for itself if the inner surfaces are of equal 
radius and in contact. If such a fault is pre- 
sent the definition is deteriorated generally, 
the best being located off the axis, and if the 
objective is rotated in its cell, the imago 
usually describes a circle in the field. .For 
larger glasses, in which jiropor care has been 
exorcised in the manufacture, this fault is not 
so much to be feared. 

It must be recognised that refined optical 
theory has not played a largo part in the de- 
velopment of the groat astronomical object 
glasses. Tire doublet, with small ratio of 
aperture to focal longlh, is the simplest optical 
combination. Mathematical optics makes its 
performance and possibilities intelligible, but 
their most appropriate field of application lies 

^ 8telnhcU and Volt, Ucindbuch cl. angewandtan 
Oplik, 1., Lo'psic, 1891. (Translation by J. W. 
French. Blaoklo <fc Son, 1918.) 


in the complicated, wide-angle systems re- 
quired in the camera and the microscope. The 
most celebrated makers of lenses have been 
men not much versed in theory, or have openly 
said it was of httle use to them. Fraunhofer 
may be admitted as an exception. His suc- 
cessor Merz was the greatest maker of object 
glasses in the middle of last century. In par- 
ticular he made a 15-inch lens for Harvard 
College Observatory. William Simms was 
engaged to examine this lens for purchase, and 
has left an interesting report ^ upon it, in 
which he says : “ Mr. Merz’s means of proving 
his object glasses are not such as appear to 
me best qualified to lead to a correct result. 
... It is merely the examination of a printed 
paper, not by directing them to the heavens, 
which in all cases, where it is practicable, is 
certainly the most desirable.” Neither Alvan 
Clark nor Thomas Cooke was a man of theo- 
retical training ; they were rather consummate 
artists and craftsmen. G. Calver is of the 
same type. An account by Grubb ® of the 
making and testing of objectives must he read 
in relation to its date, but it expresses the 
view referred to with great emphasis : 

Object glasses cannot be made on paper. When 
I toll you that a sensible difference in correction for 
spherical aberration can be made by half an hour’s 
polishing, . . . you will see that it is practically not 
necessary to enter upon any calculation for spherical 
aberration. We know about what form gives an 
approximate correction ; we adhere nearly to that, 
and the rest w done by figuring of the surface. To 
illustrate what I mean. I would be quite willing to 
undertake to alter the cro\vTi or flint lens of any of 
my objectives by a very large quantity, increasing 
one and decreasing the other so as to still satisfy 
the conditions of achromatism, but introducing 
theoretically a large amount of positive or negative 
spherical aberration, and yet to make out of the 
altered lens an object glass perfectly corrected for 
spherical aberration. 

It would be idle to disregard these examples, 
though it may be thought that they are bad 
models to follow, and that theory must finally 
justify itself. In fact it has already done so, in 
the case of the two objectives of H. D. Taylor 
referred to in § (5) (iv.). The much simpler 
case of making a mirror, with its proper para- 
bolic figure, used to be in the same position ; 
in consequence the older mirrors are system- 
atically deeply over- corrected ; but the de- 
velopment of the knife-edge method of measur- 
ing the figure in different zones * has made the 
realisation of geometrical correctness of form 
a certainty. 

The great difficulty in testing a lens arises 
from its convex surfaces. The spherometer is 

® Harvard Annals, 1846, i. p. cx. 

° Boyal Institution, 1886. 

■* Cf. C. D, P. Davies, Mon. Not. Ixix. 355, and 
below, .5 (11). See also “ Objectives, Testing of Com- 
pound,” § (3) (ii.). 


in the first place not delicate enough for optical 
work, and in the second, occupying a great 
deal of time, only compares with one another 
a number of separate points of the surface. 
The lens is therefore put together and ex- 
amined as a whole, an artificial star near the 
eye end sending its light through the lens to 
a plane mirror which reflects it back again 
through the lens, forming an image that is 
examined close to the princijaal focus. The 
error in performance of any spot of the object- 
ive is here doubled, and may be examined with 
some facility, and though it is not possible to 
say which of the convex surfaces contributes 
the fault, it is immaterial, since the fault can 
be removed by figuring the anterior surface as 
the most convenient. If local variations of 
refractive index of the glasses occur, they 
might equally be dealt with by local figuring. 
Given sufficient skill, with the aid of these 
tests, lenses can be made to perform up to the 
theoretical hmit of resolution imposed by the 
wave structure of light (see § (7) below). 

§ (5) Details of Lenses, (i.) Alvan Clark. 
— Perhaps owing to the tentative character of 
the work of the great artists, there are not 
many numerical particulars available of the 
most celebrated lenses. Alvan Clark’s two 
greatest lenses, the Lick telescope (3G inches) 
and the Yerkes telescope (40 inches), are 
similar in character. The curves of the former 
are given in the Lick Observatory Publications, 
i. 61, as follows (adjusting the signs to the 
usual convention, + for a surface convex to 
the incident ray) : 

Ro= -f 259-5 mches= — R2. 

R4 = - 239 • 6 inches, Rq = + 40,000 inches. 

The surfaces Rj, Rq are separated by 6-6 
inches. The refractive uidices are not stated. 
The glass was by Fell of Paris. These curves 
are in general agreement with those given 
by Steinheil and Voit ^ as representative of 
the great American objectives, except that 
these authors make R^ somewhat greater than 
Rg, and the concavity of the fourth surface 
more pronounced ; the calculated aberrations 
they give show a fine performance, a minute 
residual coma and minute difference of focal 
length for colour being the only faults that 
remain. The separation of the lenses helps 
to satisfy the Gauss condition. 

(ii.) Thomas Cooke . — Thomas Cooke worked 
from curves in which, approximately, for re- 
fractive indices for the D ray 1-518 and 1-620 
respectively, 

Ro = 2-000, R2=— 3-000, double convex. 

R4 =— 2-815, Rq largo, double concave. 

The second and third surface are contigu- 
pus. These leave a certain amount of residual 

1 Angewandle OiMk, p. 179. Case 8a*. 


inward directed coma, but are lound so sound 
and convenient in practice that the firm he 
founded still adheres to them. The correction 
for spherical aberration is made by the 
anterior surface of the flint lens almost wholly, 
leaving the fourth surface to be modified at 
will to meet faults of achromatism. 

(iii.) Fraunhofer . — The correction for coma 
requires the crown lens to bo somewhat flatter 
in its anterior surface, and the flint lens to be 
a meniscus. The associated condition, known 
usually as the Sine Condition, Seidel called by 
Fraunhofer’s name, because it is nearly satisfied 
in a celebrated Konigsberg objective of 6-2 
inches, by Fraunhofer. The radii for this lens 
are, to an arbitrary unit, 

Ro=-F- 838, Ra=- -3.34, 1-529. 

R4=--341, Ro=-M 73, /i3=l-639. 

These leave a residuum of outward directed 
coma. To satisfy completely the conditions 
for freedom from spherical aberration and 
coma, Steinheil ® showed they should run 

Ro=-l-*696, R2=- -363. 

R4=--372, Ra=- 1-650. 

Comparison between the numbers indicates 
clearly enough how correct was Fraunhofer’s 
appreciation of what was required. 

(iv.) Taylor's Triple Objective . — The diffi- 
culties of constructing a largo objective are so 
great that simplicity of design is the domi- 
nating consideration. But there are two triple 
combinations, both duo to H. D. Taylor, that 
have established themselves in astronomical 
work in spite of this. The first {Fig. 9) is the 
photo-visual object glass. By using throe lenses 
and choosing suitable 
glasses the combina- 
tion is rendered per- 
fectly achromatic, and 
is referred to further 
below, on the question 
of achromatism. But 
the extra surfaces 
permit more choice l^ia. 0. 

in the curves, while 

securing absence of spherical aborraticip. and 
coma. Thus the third, fourth, and last 
surfaces are concave and may bo tested by 
reflection ; the second radius is exactly equal 
to the third, and the fifth to the fourth, 
permitting their truth to be tested also one 
by one. Only the first surface remains to be 
tested in the combined system. The utmost 
skill and precaution are of course required in 
centring such a system. It has been found 
practicable to make them with an aperture 
F/18, without introducing undesirably largo 
angles of incidence on the inner surfaces. The 
other triple system is the woll-loiown Taylor 

“ SUzunasber. h. Bayer. AJead., 1889, xlx, 413. 
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pliotographic lens {Fig. 10). A description is 
given of one of 10 inches aperture and 45 inches 
focal length, constructed for Mr. Franklin. 
Adams, in Monthly Notices, Ixiv. 

G13, but one has been constructed 
recently for Mount Wilson Observa- 
tory to work up to an aperture F/2, 

The objective consists of three 
separated lenses, the first and third 
of dense barium crown glass and 
the middle one of flint glass. The 
crown lenses are double convex, 
their outer surfaces being the more 
curved ; the first lens is of lower 
power than the third, and the dis- 
tance from .the first lens to the 
second is about half as great again 
as from the second to the third. 

. Separation of the lenses permits astigmatism 
and curvature of the field to be corrected, coma 
is also corrected, and for a sufiicient range of 
colour, spherical aberration is corrected for the 
neighbourhood of the ordinary photographic 
region of the spectrum, so that the images 
of stars are truly 
stigmatic up to 
a radius of 1\° 
from the axis. 

§ (6) ThbEyb- 

piEOE. (i.) Iluy- 
ghens. — In con- 
j unction with the 
optical perform- 
anco of the 
objective should 
bo considered, 
for visual use, 
the eyepiece. 

The traditional 
Muyghenian is 
still made, with- 
out much variation, and proves quite satis- 
factory for teases whore micrometer wires or 
other focal scale is not required (see Fig, 11). 

The principal focus corresponding to an 
emergent parallel beam lies within the com- 
bination, three-fourths of the way from the 
field lens to the eye lens, and 
tlie power is twice that of the 
field lens and two-thirds that 
of the eye lens. The term 
“ negative ” applied to this eye- 
piece is a misnomer, as re- 
marked already, the order of 
the cardinal points being the 
same as for a converging lens. In fact, re- 
versed, the combination is known as a 
magnifying lens, under the name of the 
Wollaston Doublet, an object at being in- 
spected by an eye placed beyond A. 

(ii.) Ramsden . — With loss reason the tradi- 
tional Ramsdon eyepiece is also preserved for 
micrometer work (Fig. 12). Its prominent defect 


is that particles of dust upon the field lens are 
visible with the eye lens, as blurs and smudges 
badly out of focus. A much better form, 
though it sacrifices breadth of the 
field of view somewhat, is a single 
triple cemented achromatic lens, as 
recommended by Steinheil {Fig. 13), 
which besides gives a flatter field 
and ample clearance from the micro- 
meter wires. Owing to the fact 
that in visual work the object is 
invariably examined in the middle 
of the field, lateral aberrational or 
chromatic faults are of minor im- 
j)ortance. But it is possible in 
some measure to compensate the 
inevitable curvature of field and 
astigmatism of the objective with 
those of the eyepiece, especially with the Stein- 
heil form, which leaves some liberty in con- 
struction. The same is true of colour, but as 
the eye itself is not strictly achromatic, the 
discussion is rather academic than useful, 
because eyepiece and eye together should be 
regarded as a 
united combina- 
tion for convey- 
ing to the retina 
the image formed 
in the focal plane 
of the objective, 
and in practice 
the eye is used 
in such a way 
as to minimise 
faults that are 
present. 

§ (7) Dieebao- 
TION . — A further 
consideration, 
limiting the use 
of geometrical optical theory, is the bearing of 
diffraction ^ upon the conclusions. A parallel 
beam of light emerging from a star to which the 
axis of a telescope is directed, is not brought to 
a point focus upon the axis, even if spherical 
aberration is corrected for all colours. It is dis- 
tributed in a certain ring pattern 
over the whole ^ocal plane, the 
central fact being that the dia- 
meters of the rings depend upon 
the ratio of the wave-length of 
the light to the aperture of the 
telescope. Thus F and B, denot- 
ing as before the focal length and 
somi-aperture of the telescope, X the wave- 
length, and r distance from the axis, so that r/F 
is the circular measure of the angular radius of 
the ring in question, it is found that if we put 

1= (sb) • 

> Sco “ Diffraction Gratings, Tlicory,” § (4). 
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•where w is a numerical factor, we have zeroes 
of illumination for the values 

w = 1-220, 2-233, 3-238, 4-241, 5-243, . . . 

and within these rings respectively is comprised 
a fraction of the total illummation amounting to 

•839, -071, -028, -015, -009, . . . 

while the maximum brightness occurs for the 
values 

£o = -000, 1-63,5, 2-079, 3-699, 4-710, 5,717, . . . 
and at these points the relative intensities are 
1-0000, -0175, -0042, -0016, -0008, -0004, . . . 

The only telescopic feature permitting 
control of this jjhenomenon is the aperture. 
If this is increased the angular diameters of 
the rings are all diminished in proportion. It 
is of interest to note that if the objective is 
reduced to an annulus by a central stop, the 
rings are somewhat diminished in diameter, 
but at the expense of much less favourable 
distribution of jihe proportions of tho hght 
between them, the shares of the outer rings 
being increased. Numerically, considering, 
say, a 10-inch object glass and the D-ray, the 
diameter of the spurious disc of a star Ijdng 
within the first dark rmg would be 0"-98. 
Hence the* images of the members of a close 
pair would be more or less superposed if their 
distance was less than 1" ; but much ■within 
this a good eye would detect the elongation 
of the united imago, as indeed- was found in 
practice by S. W. Burnham, who discovered 
when using a 6 -inch objective by Alvan Clark 
many double stars the separation of which 
lay beyond this theoretical “ resolving power.” 

O’wing to the shorter wave-length of actinic 
rays it might seem that photography was 
better circumstanced than the eye for receiving 
small images, but it is well Imo'wn that this is 
not the case. From a variety of reasons, the 
photographic image spreads ; and indeed the 
diameters ban be used as measures of the star’s 
magnitude. If the smallest recorded images 
are of less diameter than 2" or 3", the results 
would as a rule bo considered very favourable. 

§ (8) Optical Glass. — So far we have 
spoken of tho geometrical modification of the 
beam of light ; we shall now consider briefly 
the characteristics of the glasses out of which 
the lenses are constructed. Apart from tho 
limitations which technical difficulties of glass 
manufacture impose, geometrical discussions 
are merely mathematical exercises. Tho 
earliest telescopes were made with a single 
lens as objective, and in consequence suffered 
severely from dispersion, the images for 
different colours being ranged along tho axis. 
Tho focal length was made as groat as possible, 

^ See also article " Glass.” 


and, for example, D. G. Cassini discovered two 
of the satellites of Saturn, Tethys and Dione, 
with telescopes of 100 ft. and 136 ft. in length 
respectively. But since the separation as well 
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as the size of the images corresponding to, say, 
the rays C, F (Fiff. 14) would increase propoi’- 
tionately with the focal length, it is an error 
to suppose that mcroaso of focal length was 
any cure for chromatic faults, excej)t in so 
far as the narrow beam does not allow spreading 
of any description. Achromatism was dis- 
covered and the principles published by John 
Dollond about 1760,^ though achromatic 
lenses had been made before him by Chester 
Moor Hall, a private gentleman, as early as 
1733. Making the converging lens of crown 
glass, the princijile was to annul wholly the dis- 
persion while only partly annulling tho deviation 
by associating with the crown lens a divergent 
lens of greater proportionate dispersive iiower. 
This was found in “ flmt ” glass or “ English 
crystal,” a dense and brilliant glass, which 
contained as base a silicate of lead. To 
obtain large homogeneous pieces of flint glass, 
free from striae, for negative lenses, proved 
a very difficult technical problem. It was 
solved by P. L. Guinaud of Neuchatel, about 
1800, whose secret was to stir the pot of 
melted glass with a fireclay rod to tho last 
possible moment, and, allowing it to cool 
by itself, to take its natural fractures as 
.marking off lumps of homogeneous constitu- 
tion. When a largo one was found this was 
softened again and moulded into the form of 
a disc. This secret he taught to Fraunhofer’s 
firm in Bavaria and to Fraunhofer’s successors, 
Merz and Mahler, by whom it was jealously 
guarded, so that in the middle of the nineteenth 
century they were the only people who could 
produce an objective of even so moderate a 
size as 8 inches diameter. Guinand, however, 
returned to Neuchatel, and his method passed 
to his son H. Guinand, and in succession to 
Feil, Mantois, and Parra in Paris, and through 
one of H. Guinand’s collaborators, G. Bon- 
temps, who took refuge in this country in 
the political disturbances of 1848, to Messrs. 
Chance in Birmingham. All the greatest lenses 
in the world, so far produced, excepting the 
32-inch at Potsdam,® came from one or other 
of these firms. Their productions were, 
however, conservative, and a separate revolu- 
tion in glass-making came from the researches 

* P7iil. Trans., 1768, p. 733. 

“ Even these glasses, by Schott & Co„ are of tho 
old types. 
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of Abbe, Zeiss and Schott in collaboration 
at Jena, about 1880, investigating the effects 
of different constituents in glasses, with a 
view to finding stricter proportionality of 
dispersion over the whole spectrum, and 
generally to providing the greatest possible 
range and variety of refractive index and 
dispersion. In consequence of this the old 
terms flint and crown, though still employed, 
no longer imply the composition of the glass, 
nor its density, nor mean refractive index. The 
former term is reserved for glasses of high disper- 
sion and the latter for glasses of low dispersion. 

In spite of great technical improvements 
thus recently effected, defects in homogeneity 
of optical glass intrude themselves on the 
optician’s calculations. Turriere states ^ that 
local anomalies of two or three units in the 
third decimal place are often found to affect 
refractive indicos, whereas the calculations 
have been made assuming the constancy of the 
indices up to the fifth place. Moreover, it has 
not boon found possible to avoid leavmg some 
trace of mechanical strain from the process of 
annealing. This fault, which may be detected 
with the polariscopo, will impair the definition 
witli some traces of double refraction, which 
XU'esumably would alter with the temperature. 

Wo may take as representative of the glasses, 
out of which the great majority, at any rate, of 
tho existing largo refractors are constructed. 
Hard Crown (No. 605 of Chance’s list) and 
Denso Flint (No. 361) ; the specifications of 
these glasses are tho following, given as adhered 
to with considerable accuracy from one melting 
to another : 



Hard Crown. 

Doiibo Flint. 

Eefr. index no 

1'5150 

1-6166 

no 

1-6176 

1-6214 

nif 

1-6236 

1-0337 

no 

1-6284 

1-6442 

Dispersive power 



[n»~\)l{no-nv) 

CO-5 

36-1 

(no-ni,)l{no-ni,) 

•294 

-286 

()i„-n,,)/(»o-ji„) 

•706 

-715 

(a,,-«(i)/(n,i — «„) 

•564 

-608 


Glasses have been discovered in wliich the 
proportionality of disioersion is closer than for 
this pair, indeed practically complete, but they 
have proved liable to tarnish with exposure 
and ago. 

§ (9) Acjhromatism. (i.) For Visual Use . — 
In making tho colour corrections there is one 
olomont in tho construction which is disposable, 
tho distribution of power between the crown 
and flint lenses, or two, if we add a smajl per- 
missible separation of the lenses. The actual 

' Optima induslrielle, 1920, p. 25. a most useful 
work, 


results attained are investigated by a method 
devised by Vogel, who set a direct vision 
spectroscope of small dispersion to receive the 
cone of rays from a bright star, say Vega or 
Arcturus. If the rays were brought to a focus 
the spectrum seen would be no broader than 
the star disc, and in fact for any setting of the 
spectroscope along the axis constrictions are 
seen which correspond to the wave-lengths hi 
focus at that setting. The results — which 
agree precisely with what could be forecasted 
theoretically, as shown by H. D. Taylor ^ — are 
exhibited in the following table from measures 
of the Vienna 27 -in. (Grubb, glass by Chance), 
the Pulkowa 30-in. (Alvan Clark, glass by Feil), 
and the Lick 36-in. (Alvan Clark, glass by Feil). 
The Vienna and Lick telescopes may be said 
to be identical, while the Pulkowa mstrument 
can claim some superiority, but even for this 
it is to be noted that the image formed by the 
F-ray will be spread over a spurious disc 5" 
in diameter, when the D light is brought to a 



point focus. Fine detail of varying colour, 
for example planetary surfaces, cannot be 
brought to a single satisfactory focus, and 
would suffer in definition accordingly. 

In the table on following page, df measure.^ 
the setting required to bring into focus the 
line referred to, and hjf is the angular dia- 
meter of the circle in which the cone of rays 
for that wave-length would meet the focal 
plane for the D-ray. See also Fiff. 15. 

The comment cannot be avoided that any- 
thing approaching true achromatism is im- 
possible of attainment with the traditional 
objective of two lenses — failing the production 
of types of glass that are quite unloiOwn at 
present. The greater the telescope, with its 
increased light-grasp and wider separation of 
the foci, the more prominent the fault becomes. 
The optician has not enough scope allowed to 
produce his effects. As already remarked, 
H. .D. Taylor has shown that a perfectly achro- 
matic object glass can be made with three 
lenses, and has made such objectives up to 
any size for which the discs of glass were 
■ available. See Fig. 9. 

» Mon. Not, Ijv. 67. 
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clf. 

hlf. 

cy. 

hlf. 

df 

hlf 


inm. 


rmn. 


mm. 


0 6663 A.U. . . . 

2-7 



•0000116 

6-3 


D 6893 A.U. . . . 




•0000000 



F 4862 A.U. . . . 



0-4 

•0000245 

11-4 


Hy 4341 A.U. . . . 

23-6 


32-9 

•0001268 

48-3 



* Cf. Keeler, Ast. Soc. Pacific, ii. 258. 


The lonsos are made of three of Messrs. 
Schott’s glasses, of Baryta Light Flint 
(0. 543, wd = 1-564), Lj of Light Silicate Crown 
(0. 374, nD = 1-511), and Lj of a Boro-Silicate 
Flint (0. 658, %d = 1’547). With this arrange- 
ment, very simple compared to photographic 
combinations for camera lenses, faults of colour 
can 1)0 ^ and are com])letely corrected, and at 
the samo time a field given which is free from 
coma and spherical aberration. The separa- 
tion of the second and third lenses assists 
the correction of the chromatic difference of 
spherical aberration (Gauss’s condition). 

{ii.) Photographic Lenses. — The correction 
of a lens for photographic purposes is a simpler 
problem than one designed for visual use, since 
for ordinary plates the effective rays are con- 
fined to a much narrower region of the spec- 
trum. The problem is otherwise similar. Of 
more complicated constructions the only one 
that has been made with the largo apertures 
peculiar to astronomical work is the Taylor 
lens referred to above, p. 847, made of throe 
separated units ^ (see Fig. 10, p. 848). The 
origmal of this lens has the following descrip- 
tion ; ® 


Aperture, 6-6 inehea; fooal length, 43 inches. 
fRo» -1-10-04 

lJ ;i=0-83 w„=. 1-6180 

I R,-- 72-46 

<! 3 = 4-39 

fR4«- 14-64 

Lj-j <5=0-33 Md = 1-C036 

|,R(,= -1-10-36 

< 7 = 0-85 

('Rg- -1-67-36 

lJ <5=0-49 wn = 1-6180 

tRi5=- 13-00 

The refractive indices are those of a silicate 
crown for the first and third lens, and a light 
flint for the middle Ions. But the design 
possesses great flexibility. It has been made 
up to apertures of 10 inches, and to focal 

■ 1 For the calculation see H. D. Taylor, Mon. Not. 
llv. 328. 

* H. 1). Taylor, Mon. Not Ixlv. 014. 

• H. 1). Taylor, ApiAied Optics, 1900, p. 182, 


lengths as small as twice the aperture ; further, 
it has given rise to an extensive series of 
derived forms. The lens is intended for photo- 
graphy, and visual distinctness is not demanded 
from the design. 

§ (10) Refleoting Telescopes. — The re- 
flecting telescope claims three great advantages 
over the refractor : it deviates alike rays of 
every wave-length ; its performance depends 
upon its surface only and not upon the interior 
constitution of its glass, nor on the chromatic 
balance of two separate glasses, nor diminishes 
in effectiveness as the scale increases owing to 
absoi-ption ; and the objective consists of only 
one surface, the correctness of which is assured 
by an easy and very sensitive laboratory tost. 
Accordingly, as might be expected, in respect 
to dimensions and aperture ratio, reflectors 
have completely outrun refractors. While the 
greatest refractor is of 40 inches aperture with 
a ratio of aperture to focal length of 1 : 19, and 
is not likely at present to bo superseded, there 
are in use reflectors of 60 inches (Mount Wilson), 
73 inches (Victoria), and 100 inches (Mount 
Wilson), in each case with an aperture ratio of 
1 : 5, and with accessory appliances which 
permit the same mirror to be used when 
required at enormous effective focal lengths of 
100 feet, 134 feet, and even higher. If greater 
ones are desired there is no reason to suppose 
we have reached the limit in gain of power, 
or in possibility of construction, though the 
difficulties of temperature control become very 
formidable in these large sizes. The question 
then presents itself, why the refractor holds its 
own so well as it does. A few sentences will 
be devoted to this question later on. 

Speculum metal (“ Turner’s Metal ” copper, 
4 atoms =68-2 per cent, to tin, 1 atom = 31-8 
per cent, as used by the Earl of Rosso, Row- 
land, and Brashear) has virtually gone out of 
use except for small pieces, because once it is 
tarnished the mirror must be remade. It is 
besides a worse reflector than silver. And it 
is, heavy, and difficult to make and work. 
On the other hand, it is remarkably durable. 









Some old mirrors, dating certainly from 
Herscliel’s day, are still in perfect order. But 
silver deposited on glass is the standard con- 
struction. The problem of figuring the glass 
correctly is simplified by the fact that there 
are no elements of construction to dispose of 
at will. In order to correct spherical aberra- 
tion at tho principal focus, tlie figure must be 
a paraboloid ; distortion is absent, but coma 
cannot be removed, and astigmatism and 
curvature of the field are present as in the 
refractor. 

In regard to the two aberrational features that are 
nocossarily present both in the mirror and in usual 
objective doublet, we see from the particulars given 
above, § (3), that for the same aperture and focal 
length the radius of the focal circle, or the separation 
of tho focal lines, is tho same for both, while the 
radius of curvature of the field is equal to T for the 
mirror, while it is about three-eighths of this amount 
for the lens. As regards tho coefficient of coma, it 
is no more than occurs in the Fraunhofer lens re- 
ferred to in § (5) (iii.) (52G= — 0-500/F, compared to 
52Cf== ~0'407/F). An impression of a limited field 
of good definition attaches usually to reflectors, but 
this is derived solely from tho large aperture ratio 
whioh is allowed to them. 


The reflector is used in three forms : first, 
for direct photography without any second 
mirror, the plate holder being placed at the 



principal focus {Fig. 16) ; second, for visual 
and general work in the Newtonian form with 
a flat mirror placed at 45° to the beam, throw- 
ing the principal focus out to one side at the 
upjier end of the tube {Fig. 17) ; and third, 
whoa very large scale and long focus are 



required, as a Cassegrain, with a convex mirror 
placed on the axis with its principal focus 
beyond tho iirincipal focus of the great mirror, 
so as to reduce the convergence of the beam. 
Tho great mirror is usually pierced with a 
central hole and the beam received on a plate 
holder or spectroscope behind it {Fig. 18). 

If F^, Fg are the foci of the two mirrors Aj, 
Aa, and F the emergent focus, the focal length 
of the combination is increased by the factor 


AgF/AaFi. An ordinary value of this magni- 
fication might be fourfold. With this value 
the coma of the combination would bo no more 
than belongs to a simple mirror of tho same 
focal length. The curvature of the field would 
be increased, being about four times as great 



as for the original mirror ; to correct for 
spherical aberration, if the mirror Aj is para- 
bolic, the section of requires to be an hyper- 
bola, its measure e being about 3 where e=0 
gives the circle and e = l the parabola.^ 

§ (11) Testing a Mirror. — The possibility 
of producing truly paraboloidal or other figures 



Fig. 19. 


in mirrors of large size depends upon having 
a sensitive and easy means of measuring a 
fault. This is found in Foucault’s knife edge 
method {Fig. 19). 

If 0 is the centre of curvature for A, L a 
point source or “ artificial star ” close to C, 

I the point of the beam reflected from any 
spot of the mirror, received by the eye at E 
beyond I, then if the beam is cut off gradually 
by a knife edge moving across from left to 
right at within the focus I, the spot of 
light on the mirror will seem to the eye to be 
obscured from right to left, but if it moves at 
Kg the movement of shadow wiU be from left 
to right. Hence the position of the actual 
focus for any spot of the mirror can be deter- 
mined precisely. A very good idea of the 
figure and faults of the whole mirror can be 
gained at a single glance, and if a series of 
diaphragms are prepared exposing the surface 
in successive zones, with very little preparation 
and with surprising certainty the centres of 
curvatures of the different zones can be laid 
down.® If the mirror is parabolic, these will 
not give the same point C, but will move 
towards the surface from C by an amount 
JB®/R, supposing the source L is kept fixed 
during the observations. 

7 For a discussion of the correction of the Casse- 
grain see Sampson, Phil. Trans, ccxiii. 27. 

* For an excellent account of the detail of this 
method gee G, D, P. Davies, Mon, Not, Ixix, 355, 


A convincing test of the delicacy of the I 
method is furnished if an assistant places his I 
hand in the way of the beam near the mirror, 
when the undulations caused by the ascending 
currents of air its warmth produces will be 
seen immediatel 3 ^ 

Moreover, the method is not restricted to visual 
application. Photographic records of the appear- 
ances have been obtained by J. Hartmann for the 
Potsdam 32-inch refractor,^ and by P. Fox for the 
40-inch Ycrlccs telescope,^ which show upon examina- 
tion much minute detail that would escape the eye ; 
as, for example, epicycloidal traces of the motion 
of the polishing tool. These “ focograms ” have 
besides the invaluable quality that they can bo 
compared with similar records of other instruments 
taken at other times. 

A convex mirror, or a flat, or one of very small 
concavity, cannot bo tested directly by this method, 
lint it is usually possible to devise a oombination 
with some converging system, the character of which 
is already proved, so as to test their performance. 
Or a flat may bo tested with another known fiat, 
by examining the formation of Newton’s rings 
between them. 

§ (12) Loss OF Light in a Telescope. — We 
must now consider the whole loss of light, and 
the modification of its character in passing 
through a telescope. 

(i.) Refracting Telescopes. — In transmitting 
light through glass surfaces, there is a loss at 
each surface by reflection. For direct inci- 
dence, theory indicates that the proportion so 
lost is (y. - l)^l{/x+ 1)S where y is the refractive 
index for the ray concerned ; and for freshly 
polished glass this accords closely with experi- 
ment.^ It may bo taken, therefore, as between 
•04 and ‘05 per suiface. In the case of object- 
ives with separated lenses there will be four 
such occasions for loss ; for small objectives the 
inner cemented surface's do not give rise to any 
sensible loss, and therefore transmit some 10 
per cent more of the light. The losses by 
absorption have been investigated by H. C. 
■Vogel ® for a number of glasses, including 
ordinary Silicate Crown and ordinary Light 
Flint (0. 203 and 0., 340 of Schott’s list), which 
are suitable for large telescopes. For the visual 
siiectrum these glasses are very transparent, 
but 0, 340 with a thickness of 10 cm. to 16 cm. 
transmits no light at all of wave-length less 
than 3760 A.U., and shows a sharply deflnod 
absorption band at 4186 A.U., and a weaker and 
diffuse one about 4370 A.U. The crown glass 
0. 203 also show's the former band. Other- 
wise the progression of absorption was regular 
and not strikingly different for the two glasses. 
Vogel gives a table from which the following is 
an extract, showing the amount of light trans- 
mitted by objectives of different thicknesses. 
In calculating for I’eflection, four surfaces 

* Astrophi/sical Journal, xxvll. 268 and 248. 

® Of. Rayloigh, Collected Works, ii. 622. 

“ Astrophys. Journ., 1807, v. 76. 


of separation are allowed for. The aperture 
would, as a rule, be about six times the total 
thickness. 



IiitOTiBity of Transmitted in terms of Incident Light. 

Tlvick- 
iiesB of 
Objective 

With allowance for 
iVbaorption only. 

With allowance for 
Absorption and Reflection. 











ViflUftl 

Ibiys. 

Actinic 

Riiyri. 

Visual 

Rays. 

Actinic 

IlayB. 

4 

0-93 

0-84 

0-77 

0-G9 

G 

•90 

•77 

•76 

•G3 

8 

•87 

•71 

•72 

•58 

10 

•84 

•05 

•70 

•63 

12 

•82 

•GO 

•G7 

•49 

14 

•79 

•56 

•G5 

•45 

IG 

•7G 

•50 

•C3 

•41 

18 

•74 

•40 

•01 

•38 

20 

•71 

•43 

•59 

•36 


It win be noticed that the balance that may 
exist between visual and actinic rays in different 
sources of light will be transformed, and in 
different manners, by different objectives, so as 
to give, for example, inconsistent results in 
such research as that of the effective wave- 
lengths of stellar images. 

(ii.) Reflectors . — ^Measurements of the relative 
intensity of light of different wave-lengths are 
acquiring great and growing importance, and 
it should be noted that reflectors of all types 
also exercise selective treatment of different 
rays. The following table (Hagen and Rubens) 
shows the percentage of light reflected from 
silver and a few other metallic surfaces. It 
w'ill bo noticed that silver deposited on the 
front of a glass plate is distinctly more effective 
than when deposited on the back, apart from 
absorption by the glass. 


Pewoentagb OB' Licuit bbttltucted feom Metals 


Wave- 

length. 

Silver. 

i 

a 

a 

Gold. 

32 

111 

K ja J 

A.U. 

2510 

34-1 

33-8 

39 

30’ 



2880 

21-2 

38-8 

34 

38 



3060 

9-1 

39-8 

32 

42 



3160 

4-2 






32G0 

14-0 

41-4 

28 




3380 

66-5 






3670 

74-6 

43-4 

28 

61 



3860 

81-4 

46 -4 

27 

63 



4200 

8G-0 

61-8 

29 

60 



4500 

90-6 

64'7 

33 

60 

82 

73 

6000 

91-3 

68’4 

47 

03 

84 

71 

6600 

92-7 

01-1 

74 

04 

86 

71 

0000 

92-G 

04-2 

84 

04 

86 

70 

G600 

93-6 

00-3 

89 

06 

80 

71 

7000 

94-G 

09 

92 

07 

87 

73 

8000 

90 -3 

70-3 

95 

71 



1000 

90-0 

76'6 

97 

74 


•• 


Some old mirrors, dating certainly from 
Her seller a day, are still in perfect order. But 
silver deposited on glass is the standard con- 
struction. The problem of figuring the glass 
correctly is simplified by the fact that there 
are no elements of construction to dispose of 
at will. In order to correct spherical aberra- 
tion at the principal focus, the figure must be 
a paraboloid ; distortion is absent, but coma 
cannot be removed, and astigmatism and 
curvature of the field are present as in the 
refractor. 

In regard to the two aberrational features that are 
nonoaaarily present botli in the mirror and in usual 
objective doublet, we see from the particulars given 
aljovo, § (3), that for tlio same aperture and focal 
length the radius of the focal circle, or the separation 
of tho focal lines, is the same for both, while the 
radius of curvature of the field is equal to F for the 
mirror, while it is about three-eighths of this amount 
for the Ions. As regards the coefficient of coma, it 
is no more than occurs in the Fraunhofer lens re- 
ferred to in § ( 6 ) (iii.) ( 52 G= — 0-500/F, compared to 
620 = — 0-407/F). An impression of a limited field 
of good definition attaches usually to reflectors, but 
this is derived solely from the large aperture ratio 
whioh is allowed to them. 


The reflector is used in three forms : first, 
for direct photography without any second 
mirror, the plate holder being placed at the 



principal focus {Fig. 16) ; second, for visual 
and general work in the Newtonian form with 
a flat mirror placed at 45° to the beam, throw- 
ing the principal focus out to one side at the 
upper end of the tube {Fig. 17) ; and third, 
when very large scale and long focus are 



required, as a Cassegrain, with a convex mirror 
placed on tho axis with its principal focus 
beyond tho prmcipal focus of the great mirror, 
so as to reduce the convergence of the beam. 
Tho great mirror is usually pierced with a 
central hole and the beam received on a plate 
holder or spectroscope behind it {Fig. 18). 

If Fi, Fa are the foci of the two mirrors Aj, 
Ag, and F the emergent focus, the focal length 
of the combination is increased by the factor 


AaF/AaFj. An ordinary value of this magni- 
fication might he fourfold. With this value 
the coma of the combination would he no more 
than belongs to a simple mirror of the same 
focal length. The curvature of the field would 
be increased, being about four times as great 



as for the original mirror ; to correct for 
spherical aberration, if the mirror Aj is para- 
bolic, the section of Ag requires to be an hyper- 
bola, its measure e being about 3 where e=0 
gives the circle and e = 1 the parabola.^ 

§ (11) Testing a Mirror. — The possibility 
of producing truly paraboloidal or other figures 



Fig. 19. 


in mirrors of large size depends upon having 
a sensitive and easy means of measuring a 
fault. This is found in Foucault’s knife edge 
method {Fig. 19). 

If C is the centre of curvature for A, L a 
point source or “ artificial star ” close to C, 

I the point of the beam reflected from any 
spot of the mirror, received by the eye at E 
beyond I, then if the beam is cut off gradually 
by a knife edge moving across from left to 
right at Kj within the focus I, the spot of 
light on the mirror -will seem to the eye to be 
obscured from right to left, but if it moves at 
Kg the movement of shadow will be from left 
to right. Hence the position of the actual 
focus for any spot of the mirror can be deter- 
mined precisely. A very good idea of the 
figure and faults of the whole mirror can be 
gained at a single glance, and if a series of 
diaphragms are prepared exposing the surface 
in successive zones, with very little preparation 
and with surprising certainty the centres of 
curvatures of the different zones can be laid 
down.® If the mirror is parabolic, these will 
not give the same point 0, but wiU move 
towards the surface from C by an amount 
JB®/R, supposing the source L is kept fixed 
during the observations. 

^ For a discussion of the correction of the Casse- 
grain see Sampson, Phil. Trans, ccxiii. 27. 

* For an excellent account of the detail of this 
' method see C. D, P. Davies, Mon, Not, Ixix, 355. 
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A convincing test of the delicacy of the I 
method is furnished if an assistant places his I 
hand in the way of the beam near the mirror, 
when the undulations caused by the ascending 
currents of air its warmth produces will be 
seen immediately. 

Moreover, the method is not restricted to visual 
application. Photographic records of the appear- 
ances have been obtained by J. Hartmann for the 
Potsdam 32-inch refractor,^ and by P. Pox for the 
40-inoh Yorkes teloseope,^ which show upon examina- 
tion much minute detail that would escape the eye ; 
08 , for example, cpicycloidal traces of the motion 
of the polishing tool. These “ focograms ” hove 
besides the invaluable quality that they can bo 
compared with similar records of other instruments 
taken at other times. 

A convex mirror, or a flat, or one of very small 
concavity, cannot bo tested directly by this method. 
But it is usually possible to devise a combination 
with some converging system, the character of which 
is already proved, so as to test their performance. 
Or a flat may be tested with another known flat, 
by examining the formation of Newton’s rings 
between them. 

§ (12) Loss OP Light in a Telescope. — We 
must now consider the whole loss of light, and 
the modification of its character in passing 
through a telescope. 

(i.) Refracting Telescopes. — In transmitting 
liglit through glass surfaces, there is a loss at 
each surface by reflection. For direct inci- 
dence, theory indicates that the proportion so 
lost is (/r - l)^l{fx.+ 1)^ where fj. is the refractive 
index for the ray concerned ; and for freshly 
polished glass this accords closely with experi- 
ment.^ It may be taken, therefore, as between 
•04 and -06 per surface. In the case of object- 
ives with separated lenses there will be four 
such occasions for loss ; for small objectives the 
inner cemented surface's do not give rise to any 
sensible loss, and therefore transmit some 10 
per cent more of the light. Tlie losses by 
absorption have been investigated by H. C. 
'Vogel ® for a number of glasses, including 
ordinary Silicate Crown and ordinary Light 
Flint (0. 203 and O.. 340 of Schott’s list), which 
are suitable for large telescopes. For the visual 
spectrum these glasses are very transparent, 
but 0. 340 with a thickness of 10 cm. to 16 cm. 
transmits no light at all of wave-length less 
than 3760 A.U., and shows a sharply defined 
absorption band at 4186 A.U., and a weaker and 
diffuse one about 4370 A.U. The crown glass 
0. 203 also shows the former band. Other- 
wise the progression of absorption was regular 
and not strikingly different for the two glasses. 
Vogel gives a table from which the following is 
an extract, showing the amount of light trans- 
mitted by objectives of different thicknesses. 
In calculating for reflection, four surfaces 

* Astroptigsicnl Journal, xxvli. 258 and 248. 

* Of. BayloiKh, Collected Works, ii. 522. 

“ Astrophys. Journ,, 1807, v. 75. 


of separation are allowed for. The aperture 
would, as a rule, be about six times the total 
thickness. 



IiitenBity of Transmitted in terms of Incident Light. 

Thick- 
110 A 8 of 
Objective 
ill om. 

With iillowanco for 
jihsorption only. 

With allowance for 
Absorijtion and Reflootion. 

Visual 

lUiys. 

Actinic 

Ibiyri. 

ViBUiil 

Riiys. 

Actinic 

Rays. 


4 

0-93 ■ 

0-84 

0-77 

0-09 

G 

•90 

•77 

•76 

•G3 

8 

•87 

•71 

•72 

•68 

10 

•84 

•G5 

•70 

•53 

12 

•82 

•GO 

■G7 

•49 

14 

•79 

•66 

•G6 

•45 

10 

•7G 

•60 

•63 

•41 

18 

■74 

•4() 

•01 

•38 

20 

•71 

•43 

•69 

•36 


It will be noticed that the balance that may 
exist between visual and actinic rays in different 
sources of light will be transformed, and in 
diffex’ent manners, by different objectives, so as 
to give, for example, inconsistent results in 
such research as that of the effective wave- 
lengths of stellar images. 

(ii.) Reflectors , — Measurements of the relative 
intensity of light of different wave-lengths are 
acquiring great and growing importance, and 
it should be noted that reflectors of all types 
also exorcise selective treatment of different 
rays. The followmg table (Hagen and Rubens) 
shows the percentage of light reflected from 
silver and a few other metallic surfaces. It 
will be noticed that silver deposited on the 
front of a glass plate is distinctly more effective 
than when deposited on the back, apart from 
absorption by the glass. 


Pbeoentaoh OB’ Light reflected from Metals 


II 

1 

6 

a 

Gold, 

Speculum 

MetaL 

i 

III 

A.U. 

2610 

34-1 

33-8 

39 

30 



2880 

21-2 

38-8 

34 

38 



3050 

9-1 

39-8 

32 

42 



3100 

4-2 






3200 

14-0 

4L4 

28 




3380 

56-6 

. , 





3670 

74-5 

43-4 

28 

61 



3860 

81-4 

46-4 

27 

63 



4200 

80-6 

51-8 

29 

60 



4500 

90-6 

64^7 

33 

00 

82 

73 

6000 

91-3 

68-4 

47 

63 

84 

71 

5600 

92-7 

OM 

74 

04 

86 

71 

0000 

92-0 

04-2 

84 

04 

86 

70 

0600 

93-6 

00-3 

89 

00 

80 

71 

7000 

94-0 

09 

92 

07 

87 

73 

8000 

90-3 

70-3 

96 

71 



1000 

90-0 

75-6 

97 

74 






A ailvcr surface, therefore, cannot be ap- 
proached by any other, so long as it remains in 
good order, both for the visual and the actinic 
region of the spectrum. But in the ultra- 
violet, about X31G0, for a short range, it 
becomes almost transparent, the percentage of 
light reflected being hardly more than from 
clear glass. This limits its application, for 
example, in some photo-electric researches. 
But in the same region an ordinary large object 
glass is completely opaq^ue. 

§ (13) General Considerations. — It will be 
realised that some of the defects of a telescope 
considered in the foregoing pages are irremov- 
able with the means allowed, and some of the 
requirements are mutually incompatible. But 
usually in each observation one or another 
consideration will be predominant. 

So long as coma is not aggressive, a wide 
field may be dispensed with in a large number 
of observations : for example, in transit work, 
where a good field of 16' radius gives ample 
time to take the observation, or in double star 
measures and micrometer work generally ; 
and in all other classes of direct visual work 
whore the object is brought to the centre of the 
field for examination ; and in work with a slit- 
speotroscoj)e, whether visual or photographic. ] 
Equally in those cases curvature of the field 
and astigmatism play no part. 

In some classes of photometric work no 
good image at all is wanted; the star is de- 
liberately thrown out of focus, iireparatory to 
estimating its total light. 

Again, photographic work, where a correct 
delineation of a field of stars is required, may 
bo divided into different classes according to 
the scale or focal length. With a focal length 
of 20 feet, a field 1° across covers a circle 5 
inches in diameter. It would be easy to secure 
a correct field of so small a diameter, and more 
would not be asked of such an instrument, if 
only because the plates would be inconveniently 
large. If we want large fields we go to the 
other extreme and employ, as, for example, 
for the Franldin-Adams chart, a Cooke lens of 
aperture 10 inches and focal length 45 inches, 
wMoh gives sensibly correct pictures of 15° 
diameter, with a flat field. There would be some 
distortion in such a picture, and the scale would 
bo comparatively small. But the plate is not 
used for measurement but for enumeration; 
or it is used for photography of nebulae or 
comets, where increase of scale without increase 
of aperture loses the detail by diffusing it. 

Midway between these extremes we have 
the telescopes of the Astrographic Catalogue ; 
these are each, as near as may be, of 3438 mm. 
focal length, so that on the image 1 mm. 
represents 1 minute of arc ; a field 2° square 
is photographed, which allowing for margin 
gives a plate about 6 in. x 6 in. On this scale 
over ten thousand plates are required to cover 


the sky — ^the mere difficulties of numbers will 
speak for themselves. The object glasses, 340 
mm. =13-5 in. diameter, were specified to be 
free from coma, but astigmatism and curva- 
ture of the extreme images are easily marked, 
the former by the images taking the form of 
tAvo short crossed lines, and the latter by the 
lower density of stars recorded, owing to 
fainter stars failing to impress themselves when 
their light is a little diffused. Such a plate 
can be measured right up to its limits for the 
relative co-ordinates of the stars, but is quite 
unsuited for work of the highest accuracy, for 
instance for stellar parallax. 

The reflector is well suited for aU classes of 
visual observation, except transit work ; and 
particularly suited for the spectroscope, owing 
to its light-gathering power. It is unapproach- 
able for photographs of nebulae, but has been 
but little used for fields of stars designed for 
measurement, owing to the irremovable coma 
which vitiates its field, and which becomes 
prominent in the large aperture ratios with 
which the reflector is usually made. In some- 
what the same way methods and instruments 
must be selected so as to avoid the intrusion 
of residual chromatic faults. A great refractor 
is usually applied to faint objects ; if applied 
to bright ones, there is a blue glare in the field 
of disturbing intensity. This may bo removed 
by using for such observations a colour screen 
which shuts out the blue rays. In the same 
way, by excluding rays that are not wanted, 
very perfect photographs have been obtained 
with the Yerkes 40-in. refractor, which is 
corrected visually, by interposing a yellow 
colour screen and using yelloAV sensitive plates. 
The loss of speed is of course very great. 
Again, a telescope corrected visually can be 
applied to photography, or conversely, by 
interposing a lens in the beam which collects 
to a focus the rejected rays. AU the field 
except the centre is thereby sacrificed, but this 
does not matter if the purpose is to employ a 
slit-spectroscope. 

As remarked above, a region of investigation 
which promises to occupy growing importance 
is the distribution of fight in different parts of 
the spectrum. This is a matter that has 
hardly been considered, in view of its import- 
ance. AU telescopes in use modify the dis- 
tribution they record, each in a different way, 
and reflectors in a way that changes with the 
condition of the sUvered surface. 

§ (14) Mounting oe Telescopes : The 
Transit Instrument. — We shall now describe 
briefly the principles of mounting telescopes, 
but, as explainOd in the beginning of this 
article, we shall avoid as far as possible 
astronomical detail, and direct attention to 
the geometrical and mechanical problem. 

The Transit Instrument is designed for 
measuring relative position of points on the 



sky, or, given these, the orientation of the 
observer in latitude and hour angle with 
respect to tliom. The two problems are 
logically interlocked, but by a process of sift- 
ing, familiar in astx-onomy, they are gradually 
and effectively seixarated from one another. 
Tho necessity for the measuring instrument is 
the greatest fixity, subject to commanding the 
whole sky. The ordinary standard form aims 
at swooping the meridian with the optic axis. 
This requires (1) two pillars built up from the 
ground, carrying “ Y ”s at the same level and 
standing E. and W. Avith respect to one another ; 
(.2) a massive axis, Avith its ends resting on 
the “ Y ”3 as bearings ; 

(3) a telescope fastened 
at right angles to this 
axis ; this telescope is 
made in two sym- 
metrical pieces, the 
object glass and eye 
end being interchange- 
able if desired, and 
bolted to the “ cube ” 

Avhioh forms the 
middle of the axis, 
and Avhich is per- 
forated to alloAV the 
beam of light to travel 
through. General 
stability and constancy 
is sought by making 
all tho supports mass- 
ive, and relieving by 
counterpoises on acl- 
justablo spriiAgs tho 
greatest part of tho 
ju’essuro on the “ Y ”s* 

There are, however, 
tem])oraturo or other 
seasonal changes to 
alloAv for. The former 
are dealt with as far 
as possible by con- 
sidering symmetry as a rigorous requirement of 
tho design. .Tn tlie Cape Transit Circle as well, 
to guard against local differences, the telescope 
proper is completely enclosed in a copper 
sheath, and the instrument house moves bodily 
away from it in two halves. But finally it is 
assumed in tho resulting observation that tho 
telescope shows traces of complete maladjust- 
ment, i.e. three degrees of freedom, the coeffi- 
cients of which can only be derived by special 
chock observations. Particulars of the pro- 
cesses would carry us too far into astronomical 
details. Tho print (Fiff. 20), derived from 
Messrs. Troughton & Simms’s Catalogue, 
shows the Capo Transit Circle (6-in. objective), 
and examination of it Avill show how the 
principles are put into practice. 

§ (15) EQTTATORiAt,. — Por tho examination 
of an individual object, or for photographing 


or measuring a particular field, a certain time 
up to an hour or several hours is required, 
and tho telescope must be endowed with motion 
which cancels the earth’s rotation. That is 
to say, it must rotate east to west about an 
axis parallel to the earth’s poles, at a rate 
Avhicli would give one i evolution per day. The 
construction, then, is that of a massive axis 
liivoted so as to lie parallel to the earth’s axis 
and geared by a clamp Avhen desired to clock- 
work which gives it the necessaiy motion. 
This polar axis carries perpendicular to itself 
the declination axis, about Avhich the telescope 
itself is capable of rotating. If the telescope 
is turned about the 
declination axis, and 
the polar axis turned 
until a desired object 
is in the field of view, 
and then clamped, tho 
clockwork Avill keej) it 
lAointed on the object. 
There is a variety of 
ways in which these 
purposes may be 
carried out. 

(1) The polar axis 
may be prolonged be- 
yond its bearings and 
terminate in a ixair of 
journals in which the 
declination axis 
SAvings ; (2) the polar 
axis may bo yjivotod at 
its extremities and bo 
built up in the form 
of a frame or cage in 
the midst of which 
the telescope swings 
upon its declination 
axis ; (3) tho declina- 
tion axis may be 
attached in tAVO 
separate pieces to 
opposite sides of tho telescope and, broken 
itself, support tho telescope symmetrically ; 
(4) the declination axis may be prolonged on 
both sides of tho polar axis, carrying the tele- 
scope attached by bands to a cradle upon one 
side, with a counterpoise upon tho other. All 
these forms are made and are illustrated in 
I'iff.s. 21, 22, and 23 on ix. 856. 

These illustrations shoAV the constructions of 
the throe great reflectors made in recent years. 
The weights of the moving parts of these 
instruments are very great. For the Canadian 
telescope (73") at Victoria, Vancouver Island, 
the polar axis weighs 10 tons, the declination 
axis 5, the mirror, cell, and tube together 12 
tons, and the Avhole instrument 65 tons. To 
bring pieces of such size Avithin the range and 
accuracy of “ fine ” mechanical work is a great 
feat of exact engineering. In tho case of tho 
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two Mount Wilson telescopes the weight is 
carried cliiefly by largo discs plunged in baths 
of mercury ; the Victoria telescope relies upon 
ball bearings, and the countori 'ising is so per- 
fect and the movement so frictioiilesa that a 
pressure of 3 lbs. weight applied at the end of 



the declination axis suffices to tuim it. In these 
great telescopes, designed for grasping very 
faint objects, it is essential that the clockwork 
driving should be as perfect as tlio optical 
work, otherwise the image on the photo- 
graphic plate is dillused and the advantage of 
size is lost. Driving differs from the optical 



work in this, that it is subject to control. A 
star is kept under visual observation, bisected 
by a pair of cross- wires ; when a bright star is 
available it is a good plan to form a disc by 
throwing it out of focus and bringing this disc to 
bisection by two heavy wires which are visible 
Avithout illuminating the field. This visual 
supervision is usually made with an accessory 
“ guiding ” telescope fixed to the sarue frame, 


but the most perfect way is to have the plate 
holder constructed with an eyepiece attached 
to it so that the actual set of the plate may 
be observed directly. When the clock drive 
requires to be accelerated or retarded, it is 
essential that this should be done with no jar 
whatever. Differential gear throrvn in and 
out of action accomplishes it. If the clock 
carries an arbor making one revolution per 
second, the standard clock may bo made to 
exercise automatic control in applying the 



gear, though this does not dispense with per- 
sonal watching. For automatic control, a 
simple gear, which is said to work well, is 
a sector of soft iron, attached on the one- 
second arbor, and revolving so as to pass near 
the poles of an electromagnet which a signal 
from the clock makes live once every second. 
But most of the methods of automatic control 
are prejudicial to smooth running. 

The mounting of a refractor is nearly always 
made by prolonging the declination axis 
beyond its journals and attaching the declina- 
tion axis as a cross-head, carrying the telescope 
at one end and a counterpoise at the other. 
For this form there are two, reversed, settings 
for any object, like the “ changes of face ” of 
a theodolite, and, generally speaking, one or 



the other setting may be inaccessible. The 
cross-head should not be too short, otherwise in 
some positions the oye end will foul the sup- 
porting pillar and cut short an observation by 
necessitating change of face in the middle of it. 

Fig. 24 shows a good example of modern 
construction, an 18-inch visual telescope for 
the observatory of Rio de Janeiro, by T. 


will account for a certain amount of just prefer- 
ence for the refractor. A third consideration is 
less reasonable but is probably 2 iresent. Diffi- 
cult as the Qpitical problem of making the 
object glass of a telescoi^e is, in comparison with 
the mechanical problem of mounting it, the 
moat expensive part of a telescope arises in 
building its dome, mount, and clockwork. A 
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Cooke & Sons. Beside the great telescope 
are two cameras, each of 70 inohos focal length 
and furnished with 10-inch Cooke lenses. For 
the use of these cameras a 10-inoh follower is 
provided, or the great telescope itself could 
serve as a visual guider. 

Consideration of these designs will show that 
the refractor permits a more symmetrical, com- 
paot, and stronger mounting than the reflector, 
the tube being closed at both ends. Its optical 
condition is also not liable to variation. Both 
these are very important considerations, and 


mirror is very much easier and cheaper to make 
than an object glass of the same power, and 
when so much is spent upon accessories there 
is perhaps some inclination to complete them 
with the more costly optical provision. Gener- 
ally, one would say that a reflector deserves to 
have an oven greater proportion of use in largo 
optical work than it gets at present. 

§ (16) The Coelostat. — In place of follow- 
ing the dally rotation with the telescope, 
there is an alternative of keeping the telescope 
fixed and reflecting the rays into it. This is 
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sometimes followed in the case of the sun, 
whore there is ample light, because the use of 
long focus lenses and 8i)ectroscc)pes in’cscnts 
fewer difficulties if they are kept in a hori- 
zontal (or a vertical) plane. It is accomplished 
by one of two methods. The simplest device 
is the coelostat {Fig. 25). 
If S is any point upon 
tiro sky, and N gives 
the direction of the 
normal to a plane mirror, 
tlicn if SNS' is a great 
circle and SN^NS', S' 
gives the direction of the 
reflected ray which, 
arrives from S. .Hence 
it is plain that if N is 
made to move along the 
equator with half the si)eod of the daily 
rotation, the ray S may be reflected to any 
fixed })oint S' lying on the small circle of 
south polar distance equal to the north polar 
distance of S; in particular it may bo sent 
horizontally to one or other of the two points 
S„' in which this circle cuts the horizon. And 
the imago of the field round S will remain 
stationary and not rotate as S mcjves across 
the sky. On the other hand, the horizontal 
direction in which the ray is sent is not open 
to choice. To send it in a ])roscribod direction 
a second, fixed, plane mirror would be required. 

§ (17) Tins HtsuosTAT. — B’oucault’s Helio- 
stat, on the other hand, will send the beam con- 
stantly in any ohoson diroction {Fig. 20). A B is 
direiited to the pole, TN 
is the normal to the 
mirror ; then if T B = B NT, 
a ray arriving in the 
direction BIST is reflected 
from the mirror in the 
direction BT. Hence if 
there is a universal joint 
at T, and the rod TN 
slides through a woll- 
litting sloovo at N, and BN is clamped to AB 
so as to point at the polar distance of the 
sun, then giving the united ])ieco AB -t- BN a 
movement equal to the apparent daily rota- 
tion, the mirror will send the beam out in the 
direction BT, which may bo any desired direc- 
tion. The universal joint at T is made by 
furnishing the cell of the mirror with a pair of 
horizontal pivots which rest on the two arms 
of a largo solid fork, which itself is capable of 
free rotation about a vertical axis. A dis- 
advantage attending the Holiostat is that the 
image of the sun which is formed rotates, the 
north j)olar point of the sun passing from one 
side of the vertical to the other. g. 
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TELESCOPES, SMALL 

§ (1) General Properties. — Telescopes are 
optical instruments designed to enable com- 
paratively distant objects to be observed on 
a uniform magnified scale. The image formed 
on the retina is thus increased in a ratio 
independent of the distance of the object, 
and the value of this ratio is called the magnify- 
ing power of the instrument. Paradoxical as 
it may seem, this result is achieved by present- 
ing for inspection to the eye a diminished 
virtual image of the object, the ratio of the 
size of tills image to that of the object being 
the reciprocal of the magnifying power. The 
explanation of this paradox whereby the 
image on the retina varies inversely as the 
size of the immediate object viewed directly 
by the eye is vital to a proper understanding 
of the telescope, 

It follows from the ordinary theory of re- 
fraction through a lens^ that if a: is the 
separation parallel to the axis of two object 
planes which have images magnified in the 
ratios G, and Ga respectively, and if x' is the 
corresponding separation between the images, 

a;' = a:. Gi. Ga, 

provided the refractive indices of the object 
and image spaces are equal. If, now, the case 
of a telescope of magnifjfing power P is con- 
sidered, the image of every transverse object 
is diminished P times, so that G, =G 2 = l/r, 
and if y is the length of a transverse object 
the image is of length y' where y' = ylV. 
Among the objects in the object space is the 
first lens of the telescope, and in nearly all 
cases the eye is placed as nearly as possible 
at the image of this lens. The distance of 
any particular object from this lens may be 
identified with x in the above formula, and 
x' is then the distance of the image from the 
&Y&, The relation between them is 



that is to say, the apparent distance of the 
object from the eye has been diminished as 
the square of the reduction in the linear 
dimensions of the object. Thus, although the 
image is leas than the object, it is so much 
nearer the eye that the final result is that 
the telescopic image appears to have been 
enlarged in the ratio in which, in fact, it has 
been diminished. Put in another way this 
is a particular illustration of the well-known 
law that the angular magnification varies 
inversely as the linear magnification. 

The relation between x and x' shows that 
the range of ocular accommodation required 

* See “Lenscfi, Theory of Simple,” § (7); also “ Op- 
tical Calculations,” § (7). 



3wing a perfect imago in a telescope is 
to that called into play when the same 
ts are viewed l)y the eye from a nearer 
, such that the retinal images are equal 
lose seen from the further view point 
gh the telescope. The only difference, 
it, apart from any due to imperfections 
3 instrument, is the incorrect perspective 
e telescopic view for an image of the 
:ont size obtained by the use of the 
ope. Owing to instrumental defects a 
. greater range of accommodation is, in 
required, and special i3rovision is made 
his purpose in the telescope focussing 
traent. 

will be gathered from what has already 
said that the telescope is peculiar amf)ng 
al instrunronts in forming images of all 
objects at a finite distance from the 
ament. Thus it is only when celestial 
is are under examination that the emer- 
boams of light are parallel with an 
imont in normal adjusbment. Notwith- 
ling this, it is laermissible, in dealing with 
sonstruotiian of the telescope, to consider 
tlio liglit oananating from infinitely 
nt objects. The image f)f an infinitely 
n,t object being itself at infinity, the con- 
i oharaotoristio of telescopes in the 
iion used in “ Optical Calculations ” is 
intly 

K = 0, 

equations (31) of tlxat article their show 
the magnilioation is indejaendent of the 
noo of the object, and since tlie magnify- 
lOM'or is the reciprocal of the linear inag- 
dion, the desirable conditions ff)r all rays 
ems of the magnifying power r are 

MC..n „ 1 

3Kx 3Kn ~f‘ 

om equations (33) it is seen that the 
ions between the incident and emergent 
tiou cosines of the ray are 

not the tangent law which is usually 
nod to hold, viz. 

M ~N “L ' 

further quantity of importance is the mag- 
le of B'lii.n/BKiBKn, or D ; this is of the 
nsions of a length, and may be interpreted 
ms of the distance of the centre of rota- 
of the eye from the last surface of the telo- 
3 when the eye is in its most favourable 
ion. The value of this eye distance is 
and similarly the image of the last surface 
le telescope in the rest of the system lies 


in the object space at a distance Dl' from the 
first lens. D may be given any finite value 
that is desired by changing the scale of the 
whole instrument, so it is necessary in con- 
sidering its value to consider the length of 
the complete instrument, or alternatively the 
focal length of a selected component lens. 
The value of D in comparison with the 
apertures of the lenses determines the field of 
view of the telescope. 

§ (2) Galilean Telescope. — The simplest 
telescope consists of two lenses, the essential 
relations being in terms of paraxial quantities 

_r-i 

Kl- , 


D= -t, 

. 11. 

so that — 

Kx ATs 

If r is positive, so that the telescope presents 
erect images to the eye, one lens is positive and 
one negative, the image of either lens formed 
by the other being virtual. This is the con- 
struction used in the Galilean telescope {Fig. 1). 
The chief merits of the instrument, apart from 



Pig. 1. — Galilean Telescope. 


its cheapness, are the brightness of the field 
due to the small absorption of light. The 
chief defects are the small field of view result- 
ing from the negative value of D. The chief 
use of this telescope is for low magnifications 
— say 2 to 6 — and for night observation at 
sea. In an average instrument the “ apparent 
field,” measured by the angles corresponding 
to the extreme values of M' when N''=0, 
is about 16°, the value in practice being 
nearly independent of the magnification. In 
theory it should be possible to obtain apparent 
fields which increase as the magnification falls. 
Thd real field, which corresponds to the extreme 
values, of M with N=0, is evidently obtainable 
with sufficient accuracy by the relation 

Apparent field =Ileal field x Magnifying power. 

§ (3) Asteonomioal Telesoopb.— If the 
image presented to the eye is inveited, corre- 
sponding to a negative value of T, both 
lenses are positive, and the desirable position 
for the eye is external to the instrument. 
Considerable advantages, however, result in 
this case by utilising three separate lenses, as 



described below. An ordinary form is shown 
in Fig. 2. It will be observed from the pre- 
ceding -formulae that 

Ki — - KiP, 


and this result may be extended to telescopes 
generally, however complicated their structure. 
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In fact, the equations already referred to give 
at once for all values of \ 

■p _ Ka- h.ti S KA,n / 

- " Kt,\ ~TKa / 'aKA ' 

When there are throe lenses the two separa- 
tions, and ij, and D may be given arbitrary 
values. The powers of the lenses are then 
given by 

1 r , 

Tor comfortable use B should not be numeri- 
cally less than 26r mm., its sign agreeing with 
that of r. If the apertures of the lenses are 
denoted by aj, Uj, Oa rospeotively, the maxi- 
mum useful aperture under normal conditions 
is determined by 

ai=elr |, 

where e is the largest diameter of the pupil of 
the observer’s eye when using the instrument. 
Under ordinary conditions a value for e of 
about 6 ram. may be adopted.' This deter- 
mines the aperture of the objective, and a 
knowledge of tlie performance of objectives 
of various relative apertures enables an upper 
limit to be assigned to the value of ki. In 
good instruments values of a^Ki as high as 
0-3 or 0-35 may bo found. The remaining 
quantities follow readily on considouing the 
field of view. The useful rays are effectually 
limited by two stops in the object space, the 
images in the front part of the instrument of 
the second and third lens apertures. The 
image of the third lens, as has been seen, is of 
diameter Ua | P |, and is a distance DP in front 
of the first lens. The imago of the second lens 
is of diameter 

I OSaBP I 

1 fTW’ r 

and is situated a distance 
it -j- fsP 


in front of the first lens. As (, + tends to 
be small it is simpler to consider the latter 
limit as a cone through the first lens aperture 
of semi-angle tan-^ (ai/2l,). The effect of the 
two apertures is to enable the whole aperture 
of the objective to transmit useful light for 
an angular field determined by the smaller of 
the two ratios a^/ti and | aJD ] - 1 a,/r |, with an 
outer zone of the field corresponding to the 
space between this limit and the smaller of 
the two ratios Ua/f, and | Ua/B | ■+• | aJF |. In 
this zone the brightness of the image con- 
tinuously diminishes from the inner to the 
outer limit because only a diminishing portiem 
of the area of the objective receives light 
which is eventually transmitted to the image 
space. It is customary to include about one- 
half of this outer zone in the field of view, and 
a metal diaphragm is placed whore the real 
imago of distant objects at the limiting angle 
is formed to give a sharp edge to the field. 
The case of j^ractical importance is when both 
B and P are negative and the powers of all 
the lenses are positive. A telescope of this 
kind is the foundation of the well-known 
prismatic telescopes usually combined in pairs 
for binocular vision. A positive value is 
always secured for ti -I- iaP, and this has a 
direct influence on the correction of the com- 
ponent lenses for colour. The system will be 
automatically maintained in telescopic adjust- 
ment for another colour if and remain 
unchanged in the exjjrossions for ki, Kt, 
while B and P are changed. Sui)pose that B 
and r become B(l-|-ci!) and P(l-l- 7 ) whore 
d and y are small. If the now value of each k 
is obtained by introducing a factor (1-i-l/r), 
evidently the first approximations are 

Ki __ d + y Ud 

i^~"“B r ~W 

~y) _ 

B 1)^3 

Now small variations in B with the colour arc 
not of serious importance, so that the second 
lens need not be corrected for colour. If this 
lens is of a crown glass the variation of B over 
the visible spectrum may be of the order of 
4 mm. If the value of d in terms of is sub- 
stituted in the other equations, it is found that 

Ki y {tj -I- ^8P)Kaia 

Br“ B«iv, ' 

Xa_Py {^1 4" ^sP)^ai^i 
r8~B~ BV, • 

Obviously the imago will bo visibly imperfect 
unless 7 is very small, and the proper principle 



;he correction of the external lenses is 
n by making it zero. Since P is negative 
all the other terms positive, r, should be 
ive and va negative, that is, the objective 
Id be under-corrected for colour and the 
ens over-corrected. If the sign of 
reversed, so that the eyepiece were of 
luygonian rather than the Ramsden type, 
xjquirements as regards these two lenses 
d be reversed also. The determination 
,10 precise data for the construction of 
1 lenses can follow the lines described 
r “ Optical Calculations.” When prisma 
Lnsortod for the erection of the image 
een the lenses the effect of the thickness 
e glass — equivalent to a variation in — 
; bo taken into account. It is worth 
ig that when the second and third lenses 
h form the eyepiece are regarded as a 
rate instrument, the conditions for tlio 
tnatio correction which follow from the 
e equations when both these lenses are 
10 same glass are inconsistent with that 
lly given, viz. 

1 1 

Kj /Ca 

oorroot condition in this case is 




natural to adopt is that ivill be small, so 
that the even lenses, which are likely to be 
field lenses, mil be approximately in con- 
jugate planes with respect to the third lens. 
As D is to be positive this implies that and 
hi will differ in sign, A fmther limitation the 
designer will wish to bear in mind is the value 
of the sum of the powers of all the lenses. 
If this is too large the curvature and astigmat- 
ism will tend to be inconveniently great. The 
value of this sum is 


two terms being positive and two negative. 
In special cases these expressions are unsuit- 
able, for k.^ or k^ may be zero. Ambiguity in 
these instances may be avoided by treating 
jfcg as an independent variable, and the formulae 
become 

1 , 1 , kaka — tail 


^ I ^ kaJ^ ^1^8 


this approximates to the usual form when 
small compared with i,. The desirable 
ration on this theory is always greater 
that given by the ordinary rule, and 
lies a value twice as groat when the first 
npal focus of the field lens is situated at 
)bjeotivo. 

4 ) TBRUffiaTRiAL Tmlesoope. — Telescopes 
ng four or more separated lenses may be 
rssed in a similar way. The principal aim 
itroduoing additional lenses is usually to 
ant an erect instead of an inverted image 
le eye, so that a form with positive values 
D and T is desired. It will sufiSoe, by 
of example, to consider a system of five 
rated lenses. 

at iyifi-i/ff ” if — ' if-i “ifcr, 

regard k^ and h as independent variables. 
1 the powers of the odd lenses are detor- 
ad from 

IcJTa’ 

1 r ta ka 

'''=«:■*• B+a/D¥; 

iractico there are limitations to the extent 
Inch ks and ka may bo varied independently 
ino another, and a restriction it appears 


Dr 

+ "£ ^ 1 kaikjiata — (Ws +^ 4 )*} 

ka ka ka 2 2 2 2 
tata kta tah *8 ta 

If ka = 0 , 

*4- - 51 “ 

and similarly, if ka=0, 

h — 

h 

To determine the character of the chromatic 
correction necessary in the components, it will 
bo observed that if latitude is allowed in D 
control of the two external lenses alone is 
necessary to ensure that the system remains 
a telescope of magnifying power T as the 
colour changes. It may, in the first place, be 
assumed that the even lenses are of a single 
glass of the same molting. In the particular 
case 

ka = ka~0, Va^Va^V, 

(I ~r)“ 2{ti ■kta)(ta - 1 -fa) _ (Dij — tita -t tata)* 

Dr tatah Dtatatata ’ 

y^tatal 1 — vd) ” fifj -f- ta)tata 4* (ta -1“ ta)titaf 
indicating a negative value for vd. Also 

/'i 4, /"1 4. 

Va J\ti T>V t>tataJ ta T>V~ ’ 

, n. A /I r tata\ d Ty 

and - + dj{^- + ^- - - -h 


Thus if the fifth lens requires to be 

achromatic, and either the first and third 
must be separately achromatised or one must 
bo under- and the other over-corrected, the 
relation between the amounts being 

(in + =0. 

It is preferable to depart somewhat from this 
condition, so avoiding having lenses in sharp 
focus with the imago. If the real images 
precede the second and fourth lenses, the fifth 
lens must bo over-corrected for colour but the 
first and third lenses must 
form an under-corrected 
combination. If the images 
follow the second and fourth 
lenses the fifth will be under-corrected, and 
the first and third together will be over- 
corrected. The modifications involved wheir 
is not zero are easily traced, and on 
the principles already illustrated lead readily 
to the jnstilication of the form adopted for 
the terrestrial eyepiece when the last four 
lenses are of a single glass. When largo fields 
of view are desired tlio third lens should be 
built from more than one glass to enable the 
spherical aberrations to bo properly controlled. 

Telescopes consisting of five separated lenses 
are largely used as gun-sights. In this case 
one of the real images lies in a plane in which 
cross linos are placed, either fine metal wires 
or lines etched on a flat glass surface. Pro- 
vision is made for the illumination of the linos 
for night use, the light falling on the wires 
from the eyepiece side, or in the ease of etched 
linos, ontoiing the glass plate through a polished 
edge. 

§ (5) Prismatic Trlhsoopes asb Bin- 
oouLARS. — The throe-lens inverting telesoope 
is usually converted into an erecting telescope 
by the insertion of erecting prisms. Many 
different forms have been employed, in some 
of which the ])risms lie between the lenses, 
while in others they precede them. In a 
few militaiy instruments the prisms are also 
utilised to change the direction of sight, as 
in gun-sights to be used against aircraft. In 
the most usual form (Fig. 3) two isosceles right- 
angled prisms are used, with their principal 
planes at right angles, the light entering and 
leaving each prism by the hypotenuse and 
being reflected at each of the equal faces. The 
effect of each piism is to reverse the direction 
in which the light travels and to invert the 
image in the princu’pal plane of the prism, but 
not in the peqiendicular plane. The two 
prisms together thus iiroduce the inversion 
required while the light emerges travelling in 
its original direction, though the emergent 
axis is of course displaced relatively to the 
incident axis. Advantage is taken of this 
displacement in binocular telescopes to secure 
as largo a separation as possible between the 


centres of the objectives while obtaining the 
eyepiece separation necessary for comfortable 
use with both eyes< The effect is to increase 
greatly the stereoscopic power of the instru- 
ment, that is, the extent to which the var 3 dng 
distances of objects from the observer is made 
evident l)y the slight eye adjustments necessary 
to bring their images on corresponding retinal 
areas. It is easily seen that, referred to the 
unaided eye as a standard in which this power 
is represented by unity, the stereoscopic power 
is equal to 


The action of the prism is very easily deter- 
mined geometrically in simple cases, and in 
complex examples a polar diagram enables 
the effects of any number of reflections to be 



traced without difficulty. When there are 
two plane reflecting surfaces inclined to one 
another at an angle a, as in Fig. 4, the figure 
illustrates that any ray incident in a principal 
plane is deviated through an angle 2a. When 
the ray does not lie in a iwincipal plane of 
the figure its iirojoc- 
tion on the principal 
plane follows the 
above law, and its 
component parallel 
to the reflecting 
pianos is unaffected. 

If, then, a is a right 
angle and the paths 
considered are por- 
tions of a ray inside 
a prism, the angles 
made with the third 
face by the ray be- 
fore and after the 
double reflection are 
equal, and the inci- 
dent and emergent 
angles in air are 
also equal. The essential condition is there- 
fore that the large angle of the prism 
should be a right angle, the equality of the 
other angles being unimportant. The fact 
that in considering changes of direction only 
the projection in a principal plane need be 
considered enables a simple geometrical con- 
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struction to be used, in ■which the patla of a 
ray is represented by a straight line. Let 
ABC [Fig. 5) represent a. principal section of 
a prism, and PQ a portion of the path of a 
ray within the prism which meets the sides 
in the order AC, AB, BC, AC. Let ABC' be 
a triangle on AB, such that AB divides AC'BCA 



into two symmetrical triangles with AC'=AC, 
BC'-^BC. Similarly on BC' let A'BC' be 
conatructed symmetrically with ABC'. It is 
then easy to see that the actual ray path 
PtJK'S' corresponds to the extended straight 
lino PQRS. The prism ■will produce no dis- 
persion if C'A' is parallel to AC, that is, if 
2A + 2C=7r, or if B is a right angle, and the 
prism is exactly equivalent to a plane parallel 
block of glass whose thickness is equal to the 
hypotenuse AC of the prism. 

The prism is mounted in such a way that 
incidon^b rays can only enter the face AC in the 
half nearer to A, and only rays which emerge 
in the half nearer C can proceed further through 
the instrument. Evidently, in addition to 
such a ray as PQRS, it is possible for a ray 
like JKLMN, whicli meets the sides in the 
order AC, AB, AC, BC, AC, to emerge, and 
the final direction may be parallel to that of 
B'S', though the incident rays made angles of 
opposite signs ■with the normal to AC. Such 
rays evidently cause a laterally inverted 
imago ^ to be superposed upon that previously 
considorod, and stops must' be taken to pre- 
vent this. If the angle made by the ray with 
the normal to AC is not small, the ray will 
meet AB and B'C' at small inclinations, and 
the light which eventually reaches A"C' will be 
too faint to be troublesome. The rays which 
make a small angle with the normal may be 
stopped by cutting a slit symmetrically across 
AC parallel to the line of intersection of AB 
and BC. From the images of this slit in the 
diagram it is evident that this simple device 
is adequate to prevent this “ ghost ” imago, 
and that its only direct effect is to necessitate 
a somewhat larger prism to transmit the useful 
light than would otherwise bo the case. 

1 It may ho noted that the character of the imapie 
In this respect depends upon the number of rellcctlons 
being even or odd. 


The size of the prism is evidently important. 
The larger the prism the longer the ray path 
in the prism, so that variation in the size 
involves variation in the image position, and 
for a manufactured instrument the variation 
in size must be confined within narrow limits. 
The shaping of the base to fit in its seating 
is quite a distinct question. There will, in 
practice, be a limit to the permissible difference 
in the base angles, as a large inequality would 
involve a loss of light owing to the vertex of 
the prism, which is truncated, intruding into 
the region in which rays travel. These con- 
siderations, together with the fact that varia- 
tions from a right angle in the vertical angle 
are only important on account of the pris- 
matic effect of an error, lead to the conclusion 
that very great accuracy in the angles is not 
essential. Errors of the order of a minute 
of angle ■will be permissible ; ® this value may 
be contrasted mth an accuracy of about a 
second necessary in a right angle when light 
may be incident first oir either of the planes 
forming the angle. 

If one of the prisms of a pair, situated in the 
way necessary to convert an inverting into 
an erecting telescope, is rotated so that its 
principal plane is brought into jmrallolism 
with that of the other prism, there is in one 
direction no inversion at all, and th at in the 
other direction is a reinversion of the first 
inversion ; in other words, no inversion has 
been effected. It may be inferred that the 
image rotates through twice the angle described 
by the i^rism. If, then, the principal planes of 
the two prisms are not at right angles to one 
another, the imago of a vortical object will be 
inclined to the vertical. It is therefore neces- 
sary for the ridge of each prism to be very 
closely perpendicular to the longer axis of the 
base. The same principle shows that pyra- 
midal error in one prism produces the same 
effect as an error in tlie right angle of the 
other i^rism. Advantage is sometimes taken 
of this effect to combine together a pair of 
prisms w'hioh tend to compensate one another’s 
defects when these are too great to allow of 
the use of one of them with a normal prism. 

It has already been seen that the prisms 
must be mounted in a way which prevents an 
alteration in the direction of their principal 
planes. When the prisms are placed between 
the objective and eyepiece it is equally im- 
portan^t to prevent a translation of a prism 
in the direction of its length. The figure 
(Fig. 6) shows that the effect of such a 
movement is to displace the emergent rays 
through twice the distance through which the 
prism is moved. As a consequence of such a 

“ Tolerances of three minutes for the rislifc anRlo, 
five minutes for tlie 45° angles, and tlirce ininut.os for 
the pyramidal error have been proposed for .service 
instruments. Sec Rp.porl, of the OommiUee on the 
Standardisation of Optical Instruments, H.M.S.O. 


displacement, rays from a point on the axis of 
the objective, which should emerge parallel 
to the axis, will form an image ofi the axis of 
the. eyepiece, and the emergent rays Avill be 
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deviated. Thus rays through the two tele- 
scopes of a binocular, which should emerge in 
parallel directions, will be inclined to one 
another, and unless this inclination is small 
the instrument cannot be used, particularly 
for continuous observation, without causing 
discomfort to the observer. One of the most 
important details in a larismatic binocular is 
thus the means taken to ensure that the 
prisms are held immovable in their seatings. 
The method must not involve local strain in 
the prism, as this is liable to cause fracture, 
in addition to deterioration in the imago. 
To secure correct adjustment within suitable 
limits the objective is usually mounted in a 
cell carried by two ecoenti’ic rings, which can 
be looked in any required azimuths. This 
device is illustrated in 
Fig. 7, where the small 
circle represents the 
area to any point of 
which the centre of 
the objective can be 
brought, as is desired. 

The error resulting 
from inaccurate ad- 
justment of the instru- 
FiO. 7. ment is of the same 

kind as would be 
produced by the use of a direct vision 
binocular in which the axes of the two 
teloscoj )08 were inclined to one another. It 
has thus been common to describe the error 
as “ inclination of the axes,”, though this 
explanation is not strictly correct. The toler- 
able limits of error naturally refer to the 
inclinations of the two emergent beams, and 
are independent of the magnifying power. 
As would be expected, a much greater error 
can be allowed when the beams diverge on 
leaving the instrument, so that the eyes are 
required to converge, than when the beams 
converge, or have a relative inclination in 
the vertical plane. If the permissible errors of 
the emerging beam are translated into inclina- 
tion of the axes, the amount of error allowable 
depends upon the power, but below a power 
of 8 it is customary to have fixed limits of 
error for the axes, as the attainment c)f the 


more stringent standard for low powers offers 
no difficulty. These axis errors may reach 
three minutes in the vei*tioal plane and six 
minutes in the horizontal without causing 
discomfort to the observer. 

Prismatic binoculars are generally mounted 
so that the two telescopes may rotate about 
an intermediate hinge, thus permitting the 
separation of the eyepieces to be varied from 
about 65 to 70 mm. If the optical axes of 
the telescopes are not parallel to the axis of 
the hinge, the inclination of the telescope axes 
will vary with the interocular distance. In 
testing binoculars it is accordingly customary 
to measure the errors of want of parallelism 
for three distinct interocular values. 

A further adjustment of importance in any 
instrument in which the two eyes are used 
simultaneously is a means of focussing each 
telescope independently. The most satis- 
factory method is the direct one of mounting 
each eyepiece in a cell which may be 
moved in or out by a screw of very coarse 
pitch. 

This very brief description of the principal 
adjustments which are necessar\>- in a pris- 
matic binocular suffices to indicate the com- 
plexity of the mstrument in assembling its 




B 

ITiG. 8. 


parts. In many designs attempts are made 
to avoid this by the use of external prisms. 
Other forms are illustrated in the article 
on German telescoijes.^ Another design is 
shown in the accompanying figure {Fig, 8), 
taken from a paper by H. Dennis Taylor.® 
The lower portion of the jorism is of the 
“ roof ” typo. The chief advantages of this 
prism are its compactness and the need for a 
single prism only. From the figures of its 
development {Fig. 9) it is readily seen that the 
roof angle B must be very closely a right 
angle, since parallel rays of the same beam must 
continue parallel whether their final positions 
are determined by developing the prism about 
RB and S'B or about SB and R'B. The 
development in the perpendicular plane shows 
that the bisector of the angle A must be per- 
pendicular to the roof ridge. 

‘ See " Telescopes of G-erman Design.” 

* Transactions of the Optical Society, xxii. 03. 



If, as ia the illustration (Fig. 8), the prism is 
so enlarged to give increased stereoscopic power 
that the projections of the entrance and exit 
pupils do not overlap, the roof prism is used 
as an ordinary right-angled prism, and the 
accuracy necessary is not greater than in the 
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right angles of the prisms of the ordinary type 
of binocular. 

§ ((i) Anastiqmatio Telescopes. — In the 
paper just mentioned, Taylor describes a tele- 
scope in which the curvature and astigmatism 
of the image are corrected simultaneously. 
This implies the satisfaction of the Petzval 
condition, and therefore the presence of 
nega.tive lenses in the instrument other than 
those used to remove chromatic aberration. 
The accompanying figure (Fig. 10) shows a 
section of the instrument taken from the 
paper. The objective is of approximately 
normal type. In front of the real image is 
placed a very powerful system of negative 
lenses N of fluor crown glass, achromatised 
with an extra dense flint. 

This lens is essential for the 
attainment of the desired cor- 
rection, and forms an image 
of distant objects approxi- 
mately in the plane of the field 
stop dd. The use of the nega- 
tive lens in this position causes 
a large real image to be 
for 2 ued, corresponding to a 
focal length appreciably greater than the 
distance of the objective 0 from dd. The 
field lens F is necessarily a powerful lens 
to deviate to the eye lenses Ei and Ej the 
diverging beams which form the real image. 
E is made of dense barium crown glass to 
secure a high refractive index with a low dis- 
persion. El and E^ are placed close together, 
separate lenses being necessary to attain the 
desired aperture ratio. The positive com- 
ponents are of light baryta flint glass and the 
negatives of extra dense flint. The corrections 
obtained I’esemble those of the most perfect 
photographic lenses, and the apparent field 
reaches 56 degrees. The telescope illustrated 
is of magnifying power 10, but systems of 
lower powers have been constructed. Two 


such telescopes may be mounted as a bin- 
ocular by the addition of two of the prisma 
illustrated in Fig. 8, in front of the two 
objectives. 

The chief difficulty in the construction of 
telescopes having their fields corrected in 
this way lies in the limited range of glasses, 
which necessitates the use of decidedly large 
curvatures in the component lenses, unless 
the number of lenses is much larger than is 
usual in normal designs. In theory, there is 
no difficulty, as may be shown by considering 
a particular type of construction. As is well 
known, achromatic lenses can be made to yield 
images corrected for spherical aberration and 
coma for an object occup 3 dng a definite posi- 
tion. If in a train of lenses corrected in this 
jnanner the image formed by each lens occupies 
for the next succeeding glass the position of 
the object for which the latter is corrected, 
it is evident that the image jrroduced by the 
entire instrument will be free from spherical 
aberration and coma. Under these condi- 
tions the curvature of the primary and second- 
ary images produced by each individual lens 
will be less than that of the corresponding 
objects by the amounts /c(3-fTrr) and /c(l-l-ra) 
respectively, where k is the paraxial power of 
the component and ur is its Petzval coefficient. 
It follows that the conditions for the simul- 
taneous removal of curvature and astigmatism 
are 

Sk= 0 and 2/cnT=0, 

the sums being extended to include every 
component lens. In practice these conditions 


Fig. 10. 

will need slight modification owing to the 
presence of higher order aberrations which 
must be partially compensated by those of 
lower order. The important feature of this 
particular solution is that the position in 
which the negative lenses occur in the system 
is immaterial, so it is at once evident that a 
solution is possible in which they are placed 
near the real image, the one position in which 
the divergence they tend to produce will 
not be an insuperable obstacle in the way 
of controlling the positions of the rays on 
emergence. 

§ (7) Numekical Results. — The following 
table gives the leading dimensions and pro- 
perties of some of the best-known patterns of 
telescopes and binoculars. 

3 K 
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Type. 

Magnifying 

Power. 

Diameter 

of 

Objective 
in mm. 

Diameter of 
Emergent 
Pencil in mm. 

Angular 

Field 

Degrees. 

Apparent 

Angular 

Field 

Degrees. 

^9 

Galilean binocular 


60 

12 

4 



Prismatic binocular 


30 

5 

8 

50 

10 

Prismatic binocular 


25 

3 

6 

50 

10 

Terrestrial telescope 


75 

1-7 

0-8 

35 

1 10 

Terrestrial toloseope 

15 

30 

2 

2-3 

35 

60 

Gun-sighting telescope 
Variable power gun- 

8 

50 

6 

5 

40 

60 

sighting telescope 

5 to 21 

60 

10 to 2-5 

8 to 2 

40 

75 


TELESCOPES OP GERMAN DESIGN 

Thu general features of the optical systems 
employed in German telescopes are very 
similar to those which are to be found in 
British instruments.^ The German designer, 
however, seems to make more use of specially 
designed prism systems to replace separated 
lenses for erecting the field of view. This 
characteristic, which leads to greater compact- 
ness, may be illustrated by a brief description 
of two Gorman telescopic systems which the 
writer had occasion to dissect during the war.* 
The two instruments in question are naval 
gun-sighting telescopes, manufactured by Carl 
Zeiss, Jena. 

§ (I) Pbrisoopio Sight. — A vertical section 
of the oxDtical system is shown in Fig. 1. 
The special feature of the system is the prism 
D, which is also shown in perspective in 
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Fig. 1a. It is of the “ roof ” prism type, 
and is designed to displace the optical axis of 
the instrument parallel to itself through a dis- 
tance of 5-6 cm. and to reverse the field. The 
fight enters at the face a (Fig. 1a), and is totally 
reflected internally at b and then at c. The 

* See article on “ Telescopes.” 

“ For a complete description of the instruments 
see J. 8 , Anderson and A. B. Dale, Opt. Soc. Trans., 
1910, XX. 816. 


light from one half of the field is next reflected 
from the face d to the face e, that from the 
other half of the field being reflected from c 
to d. The light then passes out of the prism 
at the face c. The 
path of the central 
ray is indicated in 
Fig. 1a by means of 
arrow-heads. In order 
to prevent overlap- 
ping or separation of 
the two halves of the 
field the angle ■ be- 
tween the faces d and 
e, which form the 
“ roof ” portion of the 
prism, must not differ 
from 90° by more 
than a few seconds. 

The angles between the other faces of the 
prism are approximately as follow : 

Angle between a and 6, 60° 

„ „ 6 and c, 120° 

„ „ c and d, 62° 45' 

„ „ d and e, 52° 45' 

Paces a and c are parallel. This type of prism 
is also employed in many British 
instruments, particularly m dial 
sights, but the Germans seem to 
use it much more frequently. 

§ (2) Right Angle • Sight. — A 
vertical section of the optical 
system is given in Fig. 2. The 
instrument is designed to deflect 
the fight through a right angle, and is 
evidently intended for use in a position 
where the optical axis of the eyepiece makes 
an angle of 45° with the vertical, the eyepiece 
being directed upwards. The prism D' in this 
instrument is of rather an imusual type. 
It is shown in perspective in Fig. 2a. The 
light entera at the face a', is reflected internally 
at b', and then at c', and passes • out of the 
prism at the face d'. The path of the central 
ray is indicated by means of arrowheads. 









The angles between the faces of the prism are 
approximately as follow ; 

Angle between a' and h', 45° 

>■ j. and c', 75° 

» „ a' and c', 90° 

» » c' and d', C7° 30' 

» a' and d', 90° 

These instruments also serve to illustrate 
a rather novel method of illuminating the 
cross-lines for night work. The cross-lines 
are engraved on the flat surface a of the 
graticule lens (F in Fit/. 1 and F' in Fit/. 2), 
the edge of which is polished. On the outside 
of this lens there is mounted a cell, in a 
groove of which are two small glass tubes of 
circular cross-section and bent round in the 



certain intervals are purposely modified in 
order to meet the requirements of practical 
convenience and allow of free modulation 
■with fewer notes. See “ Sound,” §§ (4), (5). 

Temperament, Equal : the musical tempera- 
ment most commonly used, in which the 
semitones, whether diatonic or chromatic, 
are exactly half the tones. See “ Sound,” 
§ (6) (iv.). 

Attained on wind-instruments with special 
valves. See ibid. § (40). 

Temperaments, Chief Mus'Ical, and Just 
Intonation, tabulated. See “ Sound,” § (6) 
(v.). Table I. 

Test of Mirror of Reflecting Telescope. 
Sec “ Telescope,” § (11). 

Test-case of Trial Lenses : a series of the 
lenses forming the various possible combina- 
tions of spectacle lenses, used in testing a 
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form of rings. These tubes are filled with a 
fine powder which consists of a liiminous 
compound having approximately the same 
luminosity as that given by the British -2 mg. 
radium bromide per gr. compound. The 
light from this compound serves to illuminate 
the cross-lines when the instruments are being 
used in the dark. If the light should prove 
to have a disturbing effect in finding an object 
at night the illumination can be screened off by 
moving the cell, which contains the tubes, 
a short distance along the axis. This is 
accomplished by means of a worm - gear 
arrangement. 

For more detailed descriptions of German 
telescopic systems reference may be made to 
The Theory of Modern Optical Instruments, 
by Di’. Alexander Gleichen, translated by 
H. H. Emsley, B.So., and W. Swaine, B.Sc. 

.T. s. a. 


Temperament ; a term used in music to 
denote a system of musical notes in which 


patient’s vision. See “ Ophthalmic Optical 
Apparatus,” § (9). 

Test Plate: an appliance of the practical 
optician having a very perfect optical 
surface, either flat or curved. See “Op- 
tical Parts, The Working of,” § (4) ; also 
“ Interferometers, Technical Applications 
of.” 

Tetra - lODO Fluorescein : a reagent for 
testing optical glass. See “ Glass, Chemical 
Decomposition of,” § (3) (i.). 


THEODOLITE, THE 

§ (1) The theodolite is not only the most 
important of surveying instruments, but one 
of the oldest. Leonard Digges in 1671 ^ 
describes a “ Theodelitus ” consisting of a 
graduated horizontal circle, with an “ Alidade ” 
or sight pivoted on a vertical axis through the 

‘ Leonard Digcjes, A Geometrical Practical Treatise, 
etc.. 1671. 


centre of the circle. The theodolite was 
therefore primarily an instrument for measur- 
ing horizontal angles, i.e. the angles between 
planes containing the vertical axis of the 
instrument and the various objects observed 
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to. Bigges also shows how a “ quadrant ” 
can be added so as to observe angles of eleva- 
tion or depression at the same time as the 
horizontal angles. The theodolite as now 
made is generally provided with a vertical 
arc, and most modern instruments are made 
so that the sighting telescope will “ transit ” 
on its horizontal axis, i.e. so that it can be 
reversed end for end without removing it 
from its bearings ; in this case the vertical 
arc (if provided) is generally a complete circle. 
Such instruments are known as “ transit 
theodohtes,” or shortly (especially in the 
U.S.A.) as “ transits.” The instrument was 
first developed as an accurate portable instru- 
ment by English makers in the latter part 
of the eighteenth century. The 3 ft. theodolite 
byRamsdenmadein 1787 for the Royal Society 
was the first which was sufficiently accurate 


to detect the spherical excess of terrestrial 
triangles. For the history of the theodolite, 
see Laussedat.^ 

Instrumehts are now made with circles 
ranging from 3 in. in diameter (for explorers) 
to 12 in. (for geodetic work). 

§ (2) Description. — Fig. 1 illustrates a 
6-in. micrometer transit theodohte by Trough- 
ton & Simms, and Fig. 2 a 5 -in. example 
by E. R. Watts & Sons. In both cases the 
circles are read by micrometer microscopes to 
10 seconds, and to single seconds by estimation. 
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The telescope A is an ordinary astronomical 
telescope provided with cross hairs, and 
mounted on a horizontal axis B. When the 
instrument is in perfect adjustment, the 
ooUimation line of the telescope intersects 
the horizontal axis at right angles. The 
diaphragm can be adjusted by the screws 

‘ A. Laussedat, Recherches stir les instruments, les 
mithodes, et le dessin topographiques, 1898. 



shown in Fig. 1 (in Fig. 2 they are concealed 
by a screw-on cap). The axis B is carried by 
arms attached to the npper plate of the in- 
strument. The uj)per plate is shaped to 
protect the divided circle, and carries the 
microscopes for reading the circle. The whole 
instrument is supported on a trybrach D, 
with three levelling screws E. The upper 
plate and the lower plate (carrying the divided 
circle) are capable of rotation independently 
on concentric vertical axes. A clamping 
screw E clamps the lower plate to the try- 
brach in such a manner that a small relative 
moticjii can bo given by the slow motion tan- 
gent screw H. Similarly clamping screw J 
and tangent screw K connect the upper and 
lower plates. The vortical axes should inter- 
sect the horizontal axis at right angles, and 
at the same point in which the collimation 
lino intersects it. An adjustment is provided 
for raising or lowering one end of axis B so 
as to make it perpendicular to the vertical 
axis. The vertical circle is rigidly attached 
to the telescope. In Fig. 1 the microscopes 
for the vertical circle are attached to an arm 
which also carries the sensitive spirit level L, 
and whicli is mounted rotatably on the hori- 
zontal axis, and prevented from turning -with 
the telescope by the clip screws M. In this 
instrument the vertical circle mth its micro- 
scopes and level is lifted out of its bearings for 
packing in its transport case ; the vertical 
circle is unprotected. In the instrument 
shown in Fig. 2, the axis B revolves in seg- 
mental bearings, and is not intended to be 
removed from them, the microscopes and 
bubble L are fixed to the arms supporting 
the axis B, the bubble is vierved by means of 
a mirror, and the vortical circle is completely 
enclosed. When the vortical circle is road 
by verniers, these are always carried on an 
arm, as are the microscopes in Fig. 1. A 
clamping screw (not visible in either photo- 
graph, but visible in Fig. 3) clamps the tele- 
scope axis to the arm N, while a tangent screw 
C) provides a slow motion. When in proper 
adjustment, the microscopes should read 
zero when the bubble L is levelled and the 
telescope is horizontal. One or two levels P 
on the upper plate provide for levelling the 
vortical axis. A striding level Q rests on the 
ends of axis B to ensure its being horizontal ; 
this lifts off for packing, or when not required. 

A diagonal eyepiece is provided for taking 
sights at high angles of elevation. Some 
instruments have a circular compass on the 
upper plate, while others have a trough com- 
pass that can bo attached to one of the arms 
(R, Fig. 1). In some oases the main spirit 
level is attached to the telescope instead of 
to the microscope arm ; this is more convenient 
if the instrument is to be used as a level, but 
less so for reading accurate vertical angles. 


§ (3) Details of Constrtjotion. — These 
vary considerably in different instruments. 
Fig. 3 shows details of an instrument similar 
to Fig. 1. The upper plate is fixed to a coned 
spindle S, which revolves in the hollow spindle 
T carrying the circle, which again revolves in 
a bearing fixed in D. A nut fixed to the bottom 
of S prevents the withdrawal of the spindles. 
In small instruments the weight is sometimes 
taken by the coned bearings, but in larger 
instruments only sufficient weight should be 
so taken to prevent shake. Fig. 4 shows one 
method of arranging this. In order to prevent 
shake and take up wear in the levelling screws 
E, the ends of the trybrach arms are often s^jlit 
vertically and the sides pulled together against 
the screw E by the screw U {Fig. 3). In older 
instruments the thread of screws E was 
generally left exposed, and the wear due to 
dust was often considerable ; in Figs. 1 and 
3 they are shown covered in. Fig. 5 shows 
another method of arranging this ; a nut V is 
screwed and fixed into D, and the footscrew 
works inside V. The upper portion of V is 
split, and its outer surface is coned ; a dust 
cap W is coned inside, so that when screwed 
down it grips the top of V and j)resses it on 
to E. 

Fig. 6 shows the construction of the lower 
part of Fig. 2. In this case, S is a hollow 
cylinder of hardened steel, which revolves in 
a fixed bearing Y, while the circle is carried 
by a hollow bearing T, which revolves round 
S. The whole weight is taken by two ball- 
bearings. This makes a very easy movement, 
and wear of the main axes is jrractically elimin- 
ated ; a further advantage of this construction 
is that there is no difficulty in making the two 
vortical axes coincident. The hollow spindle 
enables the telescope to be used for centring 
the instrument over the station mark. A nut 
X prevents the spindle from being withdrawn. 
The whole support Y of the upper portion of 
the instrument has a small horizontal move- 
ment with respect to D for fine adjustment of 
the centring, being clamped by the screw Z ; 
Fig. 3 shows a similar movement below the 
levelling screws. 

In large instruments the double-coned 
bearing is not used ; the lower plate is fixed 
direct to the base of the instrument, and, 
though capable of rotation, it is not provided 
with any slow motion. 

The construction is simphfied and cheapened 
if verniers are substituted for microscopes, 
but at the expense of the accuracy of reading 
the angles, and verniers may often be used 
with advantage on the vertical circles. Great 
accuracy of reading vertical angles is seldom 
required, except for certain astronomical 
observations, and if the theodolite is fitted 
with arrangements for using Talcott’s method, 
all necessary astronomical observations for 
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survey Avork can be carried out without any j 
accurate readings on the vertical circle. See 
“Surveying,” § (27). 

§ (4) Method op Taking Observations. — 
The instrument must be set up and carefully 
centred over the station mark by means of a 



plumb-bob, or by a nadiral telescope, and the 
vortical axis brought truly vertical ; for 
accurate work the most sensitive bubble avail- 
able should be used for the final levelling. The 
eyepiece is focussed on the cross hairs and then 
the telescope focussed on the distant object. 
It should be noted that the eyepiece focussing 
depends on the sight of the observer and the 
telescope focussing on the distance of the 
object; the image formed 
by the object glass must 
be in the plane of the 
cross hairs, or the cross 
hairs will appear to 
move relative to the 
distant object if the 
observer’s eye moves. 

(i.) Observing Hori- 
zontal Angles . — The 
usual method is knoAvn 
as the direction method. 
The loAver plate is 
clamped, and the tele- 
I’lG. 6, scope is turned on the 

first object, the object 
being intersected by the vertical cross hair by 
means of the slow motion screw. The hori- 
zontal circle is then read. The upper plate is 
then undamped and the telescope swung to the 
right till the next object appears in the field 
of view, the plate is clamped and the final 
intersection carried out by the slow motion 
screw, and the circle again read. All stations 
are intersected in the same manner, swinging 
to the right, and closing on the original mark 
as a check. The telescope is then transited 
and a similar round taken swinging left. 
Observations taken with the vertical circle 
on the left and right of the telescope are 



known as “ face left ” and “ face right ” 
respectively. In all accurate work an equal 
number of rounds should be taken “ swing 
right ” and “ swing left ” and an equal 
number “ face right ” and “ face left.” By 
taking sets of rounds on different zeros, i.e. 
with different readings on the circle for the 
pointing on the first mark, the errors of 
graduation are averaged. In geodetic work 
at least 6 zeros are used, with two “ faces ” 
on each zero and two “ swings ” on each face. 
In tertiary work 2 zeros, 2 faces, and 1 swing 
on each face may suffice. The number of 
rounds taken depends on the accuracy 
required, and the accuracy attained should 
be judged by the closing errors of the 



Fig. G. 


triangles rather than by the agreement of the 
indmdual measurements of the angles. 

A method sometimes used is the “ repeti- 
tion ” method, when each angle is measured 
separately. The one object is intersected as 
before and the circle read, the upper plate 
is then undamped, the telescope turned on 
the second object, which is then intersected ; 
leaving the upper plate clamped the lower is 
undamped and the telescope turned on the 
first object, which is then intersected with 
the lower tangent screw ; the whole process is 
repeated several times ; the final angle read, 
divided by the number of repetitions, gives the 
actual angle. A similar set should then be 
taken on the other face. This method reduces 
the error due to reading the circle, and is 
sometimes of use, but with modem instru- 
ments the errors due to the circle readings are 
likely to be less than the errors due to move- 
ment of the clamps, and the method is seldom 
used. It is never used for geodetic work, and 
large theodolites are seldom provided with 
the necessary slow motion on the lower 
plate. 





Some largo instruments are provided with a 
“ watch ” telescope attached to the lower plate. 
A reference object is intersected by this and 
observed at intervals, with the result that any 
movement of the lower plate, or twist of the 
stand, can be observed and allowed for. 

Horizontal angles are best observed with 
the horizontal axis undamped. 

(ii.) Observing Vertical Angles . — Vertical 
angles are best observed with the upper plate 
undamped. The instrument must be very 
carefully levelled. The position of the bubble 
on the microscope arm should be noted at the 
time of observation, and a correction made if 
it is not in the centre of its run. A second 
reading should be made on the opposite face ; 
this is oven more important in the case of 
vortical angles than in the case of horizontal 
angles, and a reading on a single face is of 
little value owing to oollimation errors. 

§ (5) Ekrous and Adjustments, (i.) Ec- 
centricity of Circle . — It is easily shown that if 
there are two or more verniers (or micro- 
SC0J50S) evenly spaced round the circle the error 
due to any eccentricity of the circle with 
respect to its axis cancels out if the mean 
reading of the verniers is taken, and that the 
same applies for all practical purposes if the 
verniers are not quite exactly spaced. A 
small adjustment can be made if necessary 
in the spacing of microscoiDes by moving the 
drum and the comb, but the spacing of the 
verniers and the eccentricity of the circle are 
matters for the makers. 

(ii.) Horizontal Circle not in Plane Perpen- 
dicular to the Axis . — The maximum error 
introduced is about where a is the (small) 
angle of tilt ; this error is negligible, as if a 
wore large enough to produce any appreciable 
error the verniers or microscopes would be 
noticeably untrue on the circle. 

(iii.) Vertical Axis Vertical, but Horizontal 
Axis not Horizontal . — If the horizontal axis 
make an angle v with the horizontal the 
error introduced is v tan h, where h is the angle 
of elevation of the angle observed. This error 
is especially important when horizontal angles 
are measured to points at a considerable 
elevation, as in astronomical observations for 
azimuth. The error will cancel out in the 
mean if observations are made on both faces, 
or the striding level can be used and a correc- 
tion made for any dislevelment found at the 
moment of observation. 

(iv.) Vertical Axis not Vertical, but Horizontal 
Axis Perpendicular to Vertical Axis . — The 
error depends on the angle a between the 
direction observed and the plane in which the 
axis is tilted, the angle of tilt /3, and the 
elevation of the object observed h, and 
amounts to fi sin a tan h. As jS sin a will 
represent the actual tilt of the horizontal 
axis its amount can be ascertained by the 


striding level and a correction made if 
necessary. 

It vrill be noticed that this error due to 
dislevelment cannot bo eliminated by any 
method of observation, but that they only 
become of importance when points are 
being observed to at a considerable angle of 
elevation. 

(v.) Collimation Line not Perpendicular to 
the Horizontal Axis . — In tliis case the line of 
sight traces out a small circle parallel to the 
great circle through the zenith. If u is the 
angle the coUimation line makes with the 
perpendicular to the horizontal axis, and h 
the angle of elevation, then the error is 
u sec h. If a second observation be taken 
after changing face the error will remain the 
same in magnitude but will be of opposite 
sign, hence the mean of the two observations 
will be free from this error. The colhmation 
error can be ascertained in several ways ; the 
two commonest are : (a) Intersect a distant 
object, nearly at the same level as the instru- 
ment, leave the horizontal circle clamped, 
lift the telescope out of its pivots and replace 
after turning through 180° about its length ; 
if the object bestiU intersected the instrument 
is correctly collimated in azimuth, but if not 
the actual error is half the apparent error, 
and can be corrected by moving the cross 
hairs. This method is only possible when the 
telescope can be lifted out and reversed. 
(b) Intersect an object as before, transit the 
telescope, and revolve the upper plate till the 
object is again intersected. If the difference 
of the two readings on the horizontal circle 
is exactly 180° the instrument is in collimation, 
if not half the difference is the collimation 
error. 

(vi.) Collimation Line Perpendicular to the 
Horizontal Axis, but Distant d from the Vertical 
Axis . — ^In this case the error is e, where 
sin e=dll, I being the distance of the object 
from the instrument. This error also cancels 
out in the mean of two observations on differ- 
ent faces, and in any case can only be appreci- 
able on short sights. 

(vii.) Vertical Cross Hair not Vertical . — This 
is tested by intersecting an object, and moving 
the telescope in altitude, when the object 
should remain intersected over the whole 
length of the hair. If it does not, the 
diaphragm must be rotated till it does. Any 
residual error can be avoided by always 
intersecting on the same portion of the cross 
hair. 

The above refer to horizontal angles, but 
errors (i.), (ii.), (vi.), and (vii.) apply mutaiis 
mutandis to vertical angles, and are eliminated 
in the same way. 

(viii.) Vertical Collimation. — : All vertical 
angles are read with reference to a spirit-level, 
and when the instrument is in adjustment 


with the vernier (or micrometer) arm 
le in the centre of ita run, and the verniers 
ng zero, the collimation line should be 
ontal. This is tested by reading the 
tion of any distant object on both faces, 
ng any necessary correction for any move- 
of the bubble between the two observa- 
. The elevations road should be the 
; if not, the true elevation is the mean 
10 two readings, and the error is half 
dilToronce. The error can be removed 
.djusting the bubble, by adjusting the 
ora (or microscopes), or by altering the 
hairs. The last method is not good, as 
srosa hairs should be on the axis of the 
it glass ; the choice between the other 
methods depends on the construction of 
instrument. In instruments such as 
) illustrated in' Figs. 1 and 3, where the 
le is attached to the arm carrying the 
ors, the true elevation of a point is found 
adings on two faces. The verniers are then 
lo the correct reading by means of the 
lorowa ; and, lastly, the bubble is brought 
to the centre of its run by means of its 
ding screws. In instruments such as 
illustrated in Fig. 2, where the bubble is 
ihcd to the upper jilato, it must be set 
roforonce to the vortical axis, and in 
case tlio micromotors must be made to 
correct by altering the drum, and (if 
isary) the comb, or oven by moving the 

0 microscope. 

1 tlio errors considered above, except 
levelling errors, can be eliminated by 
bio means of observation, but it is still 
able that the errors themselves should 
mall. It is sometimes only possible to 
wo on one face, and it is sometimes desired 
.ok up an indistinct object, or faint star, 
otting the known angles on the circles, 
e remain four important errors : 

:.) Errors of Inleraeclion. — These depend on 
kill of the observer, the power and optical 
dies of the telescope, the character and 
dnation of the object intersected, the 
■bility of the graticule, and the steadiness 
dearness of the atmosphere. In any given 
mstanoes the error can only bo reduced by 
ig the mean of a number of observations, 
sometimes advantageous to use a micro- 
ir eyepiece, and obtain extra intersections 
.8 means. 

,) Errors of Graduation. — These depend 
ie maker of the instrument, and the beat 
sm instruments should have no error 
:or than a few seconds, and in the larger 
uments the maximum error should not 
2 d two or three seconds. The resulting 
a can be reduced by taking a number of 
ings on different portions of the circle, 
by taking rounds of angles on different 
!. 


(xi.) Errors of Reading the Circles. — This 
depends on the method of reading adopted 
(see article “Divided Circles”), the micro- 
meter microscope being the most accurate. 
In the case of micrometer microscopes the 
error depends very largely on the illumination 
of the circle. The error can be reduced by 
taking a number of readings. 

(xii.) Atmospheric Refraction. — Horizontal 
refraction ^ is seldom appreciable, unless the 
conditions are obviously unsuited for observa- 
tions, or unless the line of sight grazes a build- 
ing or the side of a hill ; a rather noticeable 
case is given in the Professional Papers of 
the Ordnance Survey, No. 2, p. 11. Vertical 
refraction is always important. e. o. h. 


Theemal Endurance oe Glass. See 
“ Glass,” § (31). 

Thebmoeleotrio Method oe Speotbo- 
PHOTOMBTRY: the method depending on 
the use of a thermopile and galvanometer. 
See “ Spectrophotometry,” § (IG). 

Thebmopile as a Physical Photometer. See 
“ Photometry and Illumination,” § (35). 

Thompson - Stabling Photometer. See 
“ Photometry and Illumination,” § (27). 

Thorium Active Deposit, Decay oe. See 
“ Radioactivity,” § (20) (i.). 

Thorium X : the first product of the radio- 
active disintegration of thorium. See 
“ Radioactivity,” § (3). 

Threshold : door, entrance, the place or point 
of entering ; used in connection with the 
senses to indicate phenomena associated with 
very feeble stimuli just sufficient to produce 
a sensory response. See “ Eye,” §§ (4) and 
(14). 

Time, Observation eor, for survey purposes. 
See “ Surveying and Surveying Instru- 
ments,” § (25). 

Time Eeeeots, Visual. See “ Eye,” § (17). 

Transeormations op Radioactive Sub- 
stances, Theory oe Successive. See 
“ Radioactivity,” § (20). 

Transeormer : an appliance for converting 
alternating current at low voltage to 
current at high voltage, or vice versa. See 
“ Radiology,” § (16). 

Transit Mounting eor Telescopes. See 
“ Telescope,” § (14). 

Transmission, Spectral. See “ Spectro 
photometry,” § (14). 

’ Sec article “Trigonometrical Heights and Terres- 
trial Atmospheric Refraction,” Vol. HI. 


Transmission Losses with carbon arc as 

source cannot be less than 40 per cent. See 

“ Projection Apparatus,”' § (8). 

TRANSPARENT SUBSTANCES, TESTS 
FOR HOMOGENEITY OE 

In making use of transparent substances, such 
as glass, quartz, fluorite, etc., for optical 
purposes it is essential to know the degree of 
homogeneity of the pieces of material em- 
ployed. The main defects mot with take the 
form of bubbles and striae or veins duo to the 
presence of layers having different refractive 
indices. Bubbles can usually be detected by 
the naked eye or with the help of a microscope. 
Want of homogeneity may bo revealed by 
using either of the two following methods. 

§ (1) Shadow Method. — This can con- 
veniently be carried out on an ordinary 
spectroscope. The telescope is moved into 
the position in which its axis is collinear with 
that of the collimator. The eyepiece is 
removed and a line wire is mounted so as to 
coincide exactly with the imago of the slit. 
If the slit is illuminated and one’s eye is 
placed behind the wire, the field of view will 
appear dark. If a parallel - sided block of 
glass is inserted between the collimator and 
telescope objectives the presence of striae will 
bo revealed by light streaks. If the specimen 
is in the form of a prism the telescope must 
be moved round until the refracted image of 
the slit coincides with the wire ; in this case 
monochromatic light should bo used. If the 
specimen has an irregular shape or has no 
polished surfaces it may be immersed in a 
liquid of the same refractive index (for a 
given wave-length) and examined as in the 
case of a paraUel-sided block. A lens may be 
tested without using a spectroscope : an 
illuminated pin-hole is set up at some distance 
from the lens, and if one’s eye is placed at 
the conjugate point, any striae that may be 
present will appear as more or less dark streaks 
on a bright background. The visibility of 
the striae is usually improved by obscuring 
tlio image of the pin-hole either partially or 
almost entirely with a diaphragm ; in the 
latter case the striae will appear bright on a 
dark background. 

§ (2) Inteeebrometer Method. — A com- 
plete discussion of this method is given in the 
article on “ Interferometers : Technical Appli- 
cations,” § (6). 

§ (3) Test itor Strain in Optical Glass. — 
The presence of strain in optical glass is 
usually duo to impoi'fect annealing, and it may 
be detected by means of the double refraction 
which is caused by the strained condition. 
If a specimen is placed between crossed Nicol 
prisms the presence of internal strains wiU be 
revealed by the appearance of more or less 


bright patches iii the field. A convenient 
arrangement for obtaining a large field of- view 
is to allow a beam of light, diverging from an 
illuminated pin-hole, to pass through the 
polarising Nicol and fall on a piece of ground 
glass. The specimen is then examined against 
the ground glass background ^ by means of the 
analysing Nicol. In order to increase the 
sensitivity of the test a wave-plate may be 
inserted in front of the analyser and orientated 
so as to give the sensitive first order violet 
colour between crossed Nicols, when no speci- 
men is present. The presence of double 
refraction in a specimen will then bo revealed 
by a change of the violet colour to a tint of 
a lower or higher order.® g 


Traverses : Computing and Plotting of. See 
“ Surveying and Surveying Instruments,” 

§ ( 14 ). 

General. See ibid. § (11). 

Use of tajies in. See ibid. § (12). 

Traversing. See “ Surveymg and Surveying 
Instruments,” § (9) (ii.). 

Trial-erame : a frame used to mount lenses 
when testing a patient’s vision. See 
“ Ophthalmic Optical Apparatus,” § (8) (iv.). 

Triangulation, Method oe. See “ Survey- 
ing and Surveying Instruments,” §§ (9) (i.), 
(10). 

Triohromatio Theory : a theory of colour 
vision. See “ Eye,” § (9). 

Trigonometrical Methods applied to the 
tracing of rays through a series of coaxial 
spherical refracting surfaces. See “ Optical 
Calculations,” § (1). 

Trombone ; a brass wind-instrument, in 
which no restriction is placed on the intona- 
tion possible, the mechanism for the scale 
consisting of a U -slide, which may be drawn 
out so as to flatten the pitch continuously 
by any desired amount to six semitones. 
See “ Sound,” § (43). 

Trotter Illumination Photometer. See 
“ Photometry and Illumination,” § (56). 

Trotter Photometer. See “ Photometry 
and Illumination,” § (28). 

Trumpet, Baoh : a brass wind-instrument 
with a tone of great nobility and brilliance. 
See “ Sound,” § (41). 

Trumpets in Bh, E, eto. See '• Sound,” § (42). 

Tubing : manufacture of Glass Tubing. See 
“ Glass,” § (18) (ii.). 

‘ A certain amount of depolarisation takes place 
at the groimd surface, but for qualitative examination * 
tills Is not appreciable. 

* Of. Opi. Soc, Trans., 1917, xvlil. 88, 


TUNGSTEN ARC LAMP 

lamp, which was developed by Gimiiig- 
aiid MuIIard,^ forms a very convenient 
0 of radiation for many purposes. It 
its essentially of an arc between 
ten electrodes, enclosed in a neutral 
sphere of nitrogen or argon, together 
an auxiliary gear for striking the 
Its simplest form is illustrated in 
1. The ends of a tungsten filament BB 



jonnected through the push switch S 
the resistance to a voltage supply, 
id of tungsten E, supported on a tungsten 
is also connected through the additional 
anoo Rg to the positive polo of the supply, 
rcssing the switch S the filament BB is 
I to incandescence and ionises the gas. 
1 . the switch is released, this enables the 

0 strike between E and B. The are is 
ly run with E at a temiserature of the 

of 2000° to 3000° abs., but it may be 
ip to the melting point of tungsten or, 
jduoing the pressure of the surrounding 
,nd increasing the size of the anode, at 

1 red heat. In the latest form of lamp, 
ioniser BB consists of tungsten wire 
y straight and partly wound into a short 
1 . On the straight portion is threaded a 
composed of a mixture of tungsten and 
in refractory oxides, such as zirconia, 
i, or thoria. The arc first strikes on 
incovered spiral of tungsten wire and, 

the electrodes warm up, passes on to 
ubular portion which presents a shorter 
(see Fig. 1). As the tube of refractoiy 
‘ Journ. Inal. Elect. But/., 1916, liv. 15. 


material is less liable to disintegration under 
the action of the arc than the tungsten wire, 
this device increases considerably the life of 
the lamp. Lamps of this type are made for 
candle-powers from 30 to 500 and for voltages 
of 100 and upwards. 

For higher candle-powers a modified form of 
lamp has been evolved with an additional 
electrode of tungsten which is in the form 
of a square plate. The lamp has an ioniser 
and a bead of tungsten which are arranged 
exactly as in BB and E of Fig. 1. The addi- 
tional of tungsten is fixed close to the 

bead and is connected to a double change- 
over switch, one position of which connects 
the volt supply to the ioniser and bead and 
the other position to the bead and plate. In 
the first position the polarity of the bead is 
positive and in the second negative. The 
arc is first struck between the ioniser and the 
bead by means of a press switch as described 
above, the change-over switch being in the 
first position. When the bead has become 
incandescent, the switch is thrown to the 
second position which enables the arc to strike 
between the bead and the plate. By the use 
of substantial electrodes, candle-powers up to 
10,000 have been obtained, the size of anode 
for this value being 1 inch square. 

The characteristics of the tungsten arc 
lamp are illustrated in Fig. 2. The normal 
working efficiency is taken as 0-5 watt per 
candle-power, and the percentage of normal 
voltage and candle-power as well as the watts 
per candle-power are shown for the lamp 
when run at efficiencies higher and lower than 
the normal. Curve A is similar to that of 



Tig. 2. 


the ordinary carbon are, but exhibits less 
instability. The volt drop across the arc 
steadily decreases with increase of current 
untd the sputtering point is reached, when the 
pressure suddenly falls. The efficiency steadily 
rises with increasing current, reaching 0-3 
watt per candle-power at the sputtering 
point. It should be mentioned that the 
figures for efficiency refer only to the energy 
dissipated in the lamp itself and take no 
account of that dissipated in the necessary 
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ballast resistance. The intrinsic brilliancy at 
the normal working current is stated to be 
generally aboub 12,000 candle-power per 
square inch. 

The distribution of the energy radiated 
from the tungsten arc in the visible spectrum 
does not differ appreciably frour that of' the 


tungsten filament lamp at the same tempera- 
ture.^ 

The tungsten arc finds a number of 
useful applications where a source of light 
is required of small size and high intrinsic 
brilliancy. ir. h. s. 

^ See “ Tncandescence Lamps,” § (8), 'V'ol. II. 


U 


Ulbrioht Globe : a form of integrating 
photometer. See “ Photometry and Illu- 
mination,” § (47). 

ULTRAMICROSCOPE, THE, AND ITS 
APPLICATIONS 

§ (1) The Ultramicroscope. — ^Theterm" ultra- 
microscope ” is apt to be rather misleading, 
as it may convey the idea that it is the name 
of an instrument with which one is able to 
see greater detail in an object than with an 
ordinary microscope. This, however, is not 
the case ; tlie term should really be looked 
upon as applying to an instrument which 
reveals the presence of very minute particles 
of matter. The limit of resolution of a micro- 
scope — ^that is, the smallest distance between 
two points which can just be seen to be 
separated — ^has been theoretically deduced by 
Helmholtz, Abbe, and others,’- who have 
shown that it depends on diffraction pheno- 
rnena. The value of this smallest distance e 
is given by 

\ 

"“2a’ 

whore \ is the wave-length of the light em- 
ployed and a is the numerical aperture of 
the microscope. Now there are practical 
limits to the value of the numerical aperture, 
the maximum value obtainable with present- 
day objectives being about 1-63 ; it is not 
likely that this will bo increased appreciably 
in the future. The other factor which deter- 
mines the limit of resolution is the wave- 
length of the light used. By employing ultra- 
violet radiations one can reduce the value 
of e ; this has boon done with success in 
processes of microphotography. One can see, 
however, that there are practical limits to 
the minuteness of detail that can be revealed 
by the microscope. On the other hand, there 
is theoretically no limit to the smallness of 
objects the presence of which can be revealed. 
If a suEfioiently high intensity of illumination 
could bo obtained, it should bo possible to 
see a • molecule, or rather to see the light 
scattered by a molecule, although it is quite 

’ Cf. B. Abbe, Roy. Mie. Soc. Journ.. 1881 , p. 388 ; 
l.ord Rayleigh, PM. May., 1896 (6), xlil. 167; 
Roy. Mic. Soo. Journ., 1903, p. 447. 


impossible to differentiate molecules unless 
their separation is at least as great as the 
limiting value of e. Faraday ^ was the first 
to look for an effect exerted on light by very 
fine metal particles suspended in liquid or 
solid media. Shortly afterwards Tyndall ^ 
showed how such particles could be seen by 
causing a beam of light to pass through the 
solution, the particles scattering the light in 
all directions. No advance was made in the 
systematic investigation of very minute par- 
ticles until Zsigmondy turned his attention to 
the problem at the beginning of the present 
century. Together with Siodentopf, he im- 
proved the methods of observing such par- 
ticles ; they invented what they termed an 
“ ultramicroscopc,” with which it is possible 
to render individual particles visible.® All 
that Faraday had been able to do was to 
reveal the presence of groups of particles. 
The important subject of colloidal chemistry, 
which deals with the study of colloidal par- 
ticles — that is, very minute material particles 
in liquid or solid solution — -has been developed 
largely as the result of Zsigmondy’s pioneer 
work. 

Since the invention of the ultramicroscope 
by Zsigmondy and Siedentopf a number of 
other forms of the instrument have been 
devised. The underlying principle of all 
types of ultramicroscopc is the utHisation of 
dark -ground illumination. This method of 
fflumination has long been employed in ordinary 
microscopy in connection with the study of 
such objects as diatoms. It consists essen- 
tially in illuminating an object in such a way 
that only the light which is scattered or 
diffused by the object enters the microscope, 
no direct light from the beam being allowed to 
enter the observer’s eye. Tho different types 
of dark-ground illumination which are used in 
ultramicroscopy may be classed as follows : 

(i.) Orthogonal Illumination. — This is the 
system utilised in tho Zsigmondy and Sioden- 

“ M, Faraday. Roy. Inst. Proc., 1854-58, ii. 310, 
444 PM. Mm., 1867 (4), xiv. 401, 612 ; Roy. Soc. 
PhU. Trans., 1867, p. 146. 

» J. Tyndall, Phil. May., 1869 (4), xxxvli, 384. 

* R. Zsigmondy, Zur Erkenntnis der Kolloide, 
Jena, 1906 ; Colloids and, the TJllramicroscope, trans. 
by J. Alexander, Now York, 1909 ; H. Siedentopf, 
J'/tva.Z'eits., 1906, Vi. 856; 1907, viii, 85; Zcits.f.wiss. 
Mikroskoyie, 1907, xxiv. 13. See also “ Microscope, 
Optics of the.” 


ultramicroscope, which is sometimes objectives can be brought close enough together 
1 as the slit ultrainicroscopc.” The The objeetives have a focal length of 6 mm. 
-1 system of the instrument is shown and numerical aperture 1-05, the front lenses 
mmatioally in Fig. 1. A beam of light being constructed of fused quartz. The chief 
tie sun or an arc lamp is focussed by advantage of the new design is the greater 
3 of an objective Oj (focal length about obtainable intensity of the diffraction images, 
m.) on a fine adjustable horizontal slit for the intensity under similar circumstances is 
reduced imago^ of the slit is formed at proportional to the product of the numerical 
a second objective Oj (focal length about apertures of the illuminating and observing 
11 .). A narrow conical beam of light is objectives. ITor the examination of colloidal 
d at Fg by_ a microscope objective Mi solutions the instrument has the further 
acting as a condenser. If now advantage of requiring the use of only a 
a coUoidal solution, such as a single drop of the liquid. 


D 
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on of coUoidal gold particles, or a (ii.) Oblique Illumination — {a) Non -axial 
of ruby glass, which contains coUoidal 5eam without Central /S<op.— This method of 
in suspension, bo placed at Fg, the light Ulumination has been employed in different 
nod by the particles can be observed forms by microscopists for increasing the 
a microscope M 2 , whoso optical axis is resolving power of an objective. It was first 
;ht angles to the axis of the Uluminating adapted for ultramicroscopic work by Cotton 
. What one observes is not, of course, and Mouton ; 2 the arrangement they used is 
ndividual particles, but the diffraction iUustrated diagrammatically in Fig. 2. A 
formed by the Ught scattered from them, drop of the solution under examination is 
eneral background being dark. In order placed under a cover-glass on a microscope 
roon off any light that may bo reflected sUde S, which is laid on a special block of glass 
the edges of the sUts an iris diaphragm I G, optical contact between S and G being 
icod between S and O 2 . If desired, a obtained by inserting a thin layer of cedar 
isor may bo inserted bo- oil. An oblique beam of light 

i S and I. When an im- / is reflected intemaUy from the 

on objective is used in the 11 / base of G and then totally re- 

ving mioroscope M 2 , it is L J L / '' fleeted at the cover -glass, so that 

sary to place a chisel- |yj hsrr no direct Hght enters the objcct- 

)d diaphragm at D so as to i J ive of the observing microscope 

ff ono-halE of the Uluminat- g M. The beam of light is brought 

beam and thus prevent to a focus in the drop of the 

tionablo reflection from the solution by means of a condens- 

it of the front lens, due to ing lens L, so that any sinaU 

closeness of the objective. ^ 10 . 2. particles in the solution which 


the slit ultramicroscope 
ifactured by Zeiss the optical parts of the 
mating system, together with the slit and 
iragms, are mounted on stands fitted to 
)tioal bench. 

improved form of this type of ultra- 
)soope was introduced some years ago by 
londy,^ who suggested as its designation 
immersion ultramicroscope.” The salient 
re of the new instrument is the employ- 
of an immersion objective at Mj in the 
inating system as well as in the observing 
m. In order to make this possible, por- 
of the front and meniscus lenses and of 
lounts of the two immersion objectives are 
id away at an angle of 45°, so that the 
11. Zsigmondy, Phvs. Zeits., 1913, xiv. 975. 


come into the path of the beam 
are strongly illuminated and in consequence 
scatter hght in all directions. Thus the 
particles appear as bright specks on a 
dark background, as in the previous case. 
A Fresnel rhomb may bo used mstoad of the 
block G iUustrated in the diagram. 

{b) Axial Beam with Central Stop in Sub- 
stage Condenser. — This is another form of 
oblique illumination which has the advantage 
over the method (ii.) (a) of being more compact, 
the illuminating system forming a component 
part of the observing microscope. The 
principle of the method is illustrated in Fig. 3, 

’ A. Cotton and I-I. Mouton, Les Ultramicroscopes et 
I’objets uUramicroscopiQues ; Comptes Rendus, 1908, 
cxxxvi. 1667 ; Bull. Soc. Fr. Phys., 1903, p. 54. 
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which represents three types of sub-stage 
condenser si)ecially adapted for dark-ground 
illumination. Fig. 3 (a) shows a vertical 
section of the Wenham paraboloid condenser 
as applied by Siedentopf.^ It consists essen- 
tially of a truncated j)araboloid of glass G, 
with the top of which a microscope slide S 
makes optical contact, a drop of the solution 
to bo oxammed being placed under a cover- 
glass 0. A central stop A below the condenser 
servos to cut out the central portion of the 
illuminating beam which is reflected upwards 
from a plane microscope mirror. The rays 
which enter the paraboloid are internally 
reflected at its surface and brought to a focus in 
the drop of solution, whore they are totally 
reflected at almost grazing incidence. Only 
the light which is scattered by the particles in 
the solution can then enter the objective of 
the observing microscope. The paths of two 
rays X, Y of the illuminating beam are 


The Ignatowski condenser,^ which resembles 
the cardioid system, is shown in Fig. 3 (c). It 
also consists of two glass portions Gj, Gj 
cemented together. In all these forms of 
condenser the numerical aperture of the 
illuminating rays is of the order of 1-0 to 14. 

(c) Axial Illumination with Central Stop 
behind Objective . — In this method the direct 
rays of the illuminatiirg beam are stopped 
by a central diaphragm at the back of the 
microscope objective or by a stop formed by 
grinding flat and blackening a small central 
portion of the curved surface of the front lens 
of the objective. The method has the advan- 
tage of being free from centering troubles, but 
it suffers from the fact that the central stop 
alters the brightness distribution in the 
diffraction fringes. 

§ (2) Physical Applications op the Ultea- 
MicEOSCOPE. — Although the chief applications 
of ultramicroscopy have been in the realms of 
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illustrated in the diagram, the dkoctions being 
shown by moans of arrow-heads. 

A similar typo of illuminating system is 
obtained with the cardioid condenser which 
Siedontopf ® applied to the so-called “ cardioid 
ultramioroscopo.” It depends on the principle 
that the imago formation obtained by com- 
bining a spherical reflecting surface with a 
cardioid surface is aplanatic — that is, spherical 
aberration is ehminatod, as is the case with the 
paraboloid condenser, and in addition the sine 
condition is fulfilled. Approximate aplanatism 
is attained if the cardioid surface bo replaced 
by a spherical surface. The cardioid con- 
denser is iUustratod diagrammatically hi Fig. 
3 (6) ; it consists essentially of two glass por- 
tions Gi, Ga cemented together, the surface 
of separation a being spherical. The rays of 
the illuminating beam are reflected outwards 
at the spherical surface b, and then inwards at 
the spherical surface c, coming to a focus at 
the object as in the previous case. An armular 
diaphragm is provided at B in addition to the 
one at A. 

* H. Siodentopf, Zeits. f. tviss, Mikroskopie, 1007, 
xxlv. 104. 

• H. Siodentopf, Ber. d, D. Phys. Oes., 1910, xii. 6. 


colloidal chemistry, there are a number of 
important physical problems which have been 
developed as the result of ultramicroscopical 
research. Eor example, the study of the so- 
called Brownian movement has confirmed the 
fundamental hypotheses of the kinetic theory 
of liquids and gases, and contributed evidence 
of the existence of the molecule. The term 
“ Brownian movement ” derives its name 
from the work of the botanist Brown, who 
observed that small particles of solid matter, 
when suspended in liquid solution, exhibit 
rapid to -and -fro motions.* The complete 
investigation and explanation of this move- 
ment has been almost entirely due to the work 
that has been made possible by the invention 
of the idtramicroscope. When a colloidal 
solution, of gold for example, is examined by 
means of an ultramicroscope, the particles are 
seen to move about in all directions, the 
motion of the bright specks of Hght exhibiting 
a beautiful scintillating effect. It is impossible 
in the scope of this article to discuss all the 
details and consequences of the theories that 

” W. V, Ignatowski, Zeits. f. wiss. Mikroskopie, 
1908, xxiv. 26, 64 ; 1909, 387. 

‘ R. Brown, Phil. Mag., 1828, iv. 161. 



e been put forward to explain the Brownian 
'■ement, but it may be stated that it has 
jtically been proved, both theoretically 
by observation, that it is mainly, if not 
rely, due to the collisions with the mole- 
s of the medium in which the particles 
suspended. 


noluohowski,^ basing lus calculations on the 
tic theory, end making use of Stokes’ law, 
ced out theoretically that the mean distance D,;, 
orsed in timo t by a small sphere of radius a, 
ing in a liquid whose coefhoient of viscosity is 
given by 




c^ml „ „ R T . < 
STTTja ■ N ’ SiTTja 


re oi=mcan velocity of the molecules of the 
medium, 

m>=ma8s of each molecule of the medium, 
R=gas constant, 

T = absolute temperature, 

N »= number of molecules in one gram- 
molecular weight of any substance. 


nstoin,® by applying the laws of osmotic pressure 
10 motion of small particles in a liquid medium, 
iloped the formula 


R T.t 

N ’ SirTja 


h differs from Smoluohowski’s formula in not 
ng tlio factor 32/27. 

ingovin,® from a consideration of the equation 
lotion of a particle moving under the action of 
roe duo to molecular shocks, obtained tho same 
It as Einstein. 

10 results of tho ultramicrosoopic measurement 
)x by different observers, for a largo variety of 
ioles of different sizes, have been shown to agree 
• closely with tho values obtained from tho 
lulao thus developed. Furthermore, obsorva- 
j by l^’errin oil tho time of rotation of oompara- 
ly largo grains of mastic have been found to fit 
dth tho formula, developed by Einstein, for tho 
n square of tho angle of rotation d, in timo t, 
oly, 

N dirija® 

irrin ® also made observations on the relative 
dbution of colloidal particles of gamboge and 
bio at different heights in vertical columns of 
c solutions, tho results again agreeing with the 
iretioal values obtained from tho kinetic theory, 
remarkable agreement that has been found bo- 
rn observation and theory may bo looked upon 
proof of the reality of the molecular and kinetic 
ethoses, 

. number of interesting experiments have 
a made in connection with the motion of 


M. Smoluchowski, Bull. Intern. Acad. d. Sci. 
mm, 1900, vii. 677 ; Ann. d. Physik, 1906 (4), xxl. 

A. Einstein, Ann. d. Physik, 1905, xvil. 549 ; 

I. xix. 371. 

P. Langevin, Comptes Rendus, 1908, cxlvi. 630. 

J. Perrin, Comptes Rendus, 1909, cxlix. 549. 
Ibid., 1008, cxlvii. 630, 694 ; Zeits. f. EleUro- 
lie, 1909, XV. 269. 


ultramicrosoopic particles (smoke, silver, gold, 
mercury, etc.) in gases.® Such particles have 
been found to be electrically charged, and by 
measuring the rates with which they faU in 
the field of gravity and in an electrical field 
of known, intensity it has been possible to 
determine the charges carried by the particles. 
It has been found that the charge on each 
particle is the elementary electrical charge 
(that is, the charge of an electron) or a multiple 
of this quantity, the values obtained agreeing 
very closely with those derived from radio- 
active and electronic measurements. 

Another important application of the ultra- 
microscope to physical problems is the study 
of the optical effects exhibited by colloidal 
solutions. The late Lord Rayleigh ’ has shown 
theoretically that the intensity I of the fight 
scattered by particles, whose size is small in 
comparison with the wave-length of tho fight 
employed, is given by 


j t(D1-D)2 

V— + cos* /3) -yq 


where I,, —intensity of incident fight, 

D'=: optical density of particles (pro- 
portional to square of refractive 
index), 

D = optical density of medium, 

TO =number of particles per imit volume, 
T = volume of a particle, 

\ =wave-l6ng’th of scattered fight, 

|3 = angle between fine of sight and 
direction of incident light. 

It follows that for a given distribution of 
small particles the percentage of violet fight 
scattered is very much greater than that of 
red fight. 

The ultramicroscopic examination of the 
fight scattered by the particles in colloidal 
solutions has confirmed the validity of Ray- 
leigh’s law. The scattered light is, in general, 
partially polarised, and often completely 
polarised in a certain plane. The whole 
problem is a very complex one and has engaged 
tho attention of a large number of workers. 
One of tho most important contributions to the 
subject is that of Garnett,® who investigated, 
both theoretically and experimentally, the 
absorption of various colloidal solutions, metal 
glasses, and metallic films, liis mathematical 
treatment being based on the electromagnetic 
theory. His experimental results were found 
to be in good agreement with theory. The 

* Cf. M. de Broglie, Comptes Rendus, 1908, cxlvi. 
624, 1010 : 1909, oxlvili. 1163, 1316 ; F. Ehrenlmft, 
Wien. Sitzber. Natur-Wissen., 1907, cxvi. 1139; 
Phys. Zeits., 1914, xv. 952 : 1915, xvi. 227 ; R. A. 
Millikan, PM. Mag., 1910 (6), xix. 209; Phys. Rev., 
1911, xxxil. 350; 1913, ii. 2nd Ser. 109; Phys. 
Zeits., 1913, xiv. 796. 

’ Lord Rayleigh, Phil. Mag., 1871 (4), xli, 107, 
447 • 1899 (6), xlvii. 375. 

“ J. C. M. Garnetts Roy. Soc. Phil. Trans. (A), 1904, 
cciii. 385 ; 1906, ocv. 237. 


problem of the scattering of light by small 
particles is very important in connection with 
the theory of the colour of the sky. 

Prom the above brief sketch of some of the 
problems involved in the examination of 
ultramicroscopical solutions it may be seen 
that the invention of the ultramicroscope has 
opened up a wide field of physical research 
which has already yielded important results 
in connection with molec\ilar phenomena. 

j. s. A. 


Uniaxial Crystal: a crystal having one 
optic axis. See “ Polarised Light and its 
Applications,” §§ (5), (6), and (18). 

Unit Points and Planes op a Lens. See 
“ Objectives, Testing of Compound,” § (1) ; 
also “ Lens Systems, Aberrations of.” 

Uranium X : the first product of the radio- 
active disintegration of uranium, discovery 
and properties of. See “ Radioactivity,” 
§( 2 ). 
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Valves op Brass Wind - instruments, 
Faulty Intonation op Ordinary. See 
“ Sound,” § (39). 

Valves on Cornet, tabulated. See “ Sound,” 
§ (39), Table IX. 

Variable Power Eyepieces. See “ Eye- 
pieces,” § (9). 

Vector Method op deducing Properties 
op .Dippraotion Spectra. See “ Diffrac- 
tion Gratings, Theory,” § (5). 

Vernier. See “ Divided Circles,” § (11). 


face it is -A {p-]r[dpjdx)dx}. Thus the equa- 
tion of motion is 



— h^dx 
dx 


or 


d^^ _ _dp 
P^di^ ~ dx 


( 2 ) 


To complete the solution we need to know the 
relation between p and p. 

If the temperature is constant, we have 



. (3) 


Vernon-Haroourt Pentane Lamp : a flame 
standard of light of 10 candle-power. See 
“ Photometry and Illurtiination,” § (6). 


If, as is the case with sound waves, the com- 
pressions and rarefactions of the air take place 
so rapidly that there is no loss or gain of heat, 
we have 


VIBRATIONS OF AIR IN A TUBE 


P-=icpy=Po{£^. . . . ( 4 ) 


In Acoustics and some other problems it is 
necessary to investigate the small vibrations 
of a compressible fluid such as air in a cylin- 
drical tube. We assume that the motion of 
each particle is parallel to the axis of the 
tube, so that particles which were originally 
in a plane at right angles to the axis remain 
always in such a plane. 

Let ^ be the displaoement at time t of the 
particles originally in a plane at a distance x 
from the origin. Let p^, be the undisturbed 
pressure and density of the air, p, p the values 
of these quantities at time t. The matter 
which was originally between two planes at 
distances x and dx from the origin lies at 
time t between pianos at distances x + ^ and 
x + ^ + (l + d^ldx)dx. Its density was p^, it is 
now p ; hence if A bo the area of the cross- 
section of the tube, 

Apodx = Ap(l+^dx, 

‘ 

The force acting on this matter on the face 
near the origin is Ap, while on the opposite 


Combining (1) and (4) then we get 


{l+{d^/dx)\y ■ ' 

and 7Po d^^ 

dx {l + (d^ldx)}y + '^'^' 


Thus the equation of motion is 

{l + {d^ldx)}Y+'^ dx^’ 


(5) 


( 6 ) 


and remembering that we are dealing only 
with small motions we may neglect d^jdx 
in the denominator and obtain 


dt^ Po dx^' 


Had we assumed isothermal conditions we 
should clearly have found 


dt^' Pg dx^' 


( 8 ) 


These can be put into a slightly different 
form thus: The elasticity E of a gas is 


Sec article Thermoclynaraicp,” § (16), Vol. I. 


easured by the ratio of the small change 
pressure required to produce a change of 
)lume to the change per unit volume ; thus 
- dv is the decrement of a volume v produced 
'■ an increment of pressure dp. 


dv 


• . ( 9 ) 


Let M be the mass, p the density of the 
ilume V, Vq and p^ being initial values. 


Then vp='K = VQpg 



mce dv=- ^^dp 

E= ^ 
p dv ^dp 

=pkypy~^ 

= ky.py = yp, 

ICO p = kpy. 

•, denoting by the elasticity in the un- 
sturbed state, we have 


nee 


Eo=7i5o; 
dt^ \pQ)dx^' 


we put c® = Eg/p(„ this takes the form 


( 10 ) 


dt'^ dx’ 


( 11 ) 


d is the same equation as is discussed in 
3 article “ Strings, Vibration of.” The 
neral solution is 


^=f{ct-x) + 'F{ht+x), . . (12) 

can readily be verified, and represents, as 
3re shown, waves travelling in the positive 
d nega tive directions with the velocity c or 
[E„/po), i.e. the square root of the ratio of 
3 elasticity to the density, 
rhe statement in this form can be extended 
other oases of sound motion, the term 
stioity being defined with regard to the 
oumstances of each case.’- 


VIBRATIONS OF A ROD 

A.CHN35 a straight rod of uniform section A 
a state of motion in which every part is 
iving parallel to the axis so that all points 
any plane at right angles to the axis always 
nain in such a plane. Let f be the displace- 
nt at time < of a plane initially at a distance 

See articles " Vibrations of a Rod ” and “ Sound ” 

. 2 ). 


X from one end of the rod, and consider the 
motion of the particles in the section between 
this plane and one initially at a distance 
x + dx-, they wnll at time f lie between the 
planes x + ^ and a: + ^+ {1 + {d^/dx))dx. 

The extension or “ stretch ” of the short 
length dx is d^/dx, and if q represents Young’s 
modulus for the rod (see article “Elasticity,” 
§ (4), Vol. I.), the force on the face of the section 
nearest the origin is - qA(d^ldx), that on the 
opposite face is qk^d^jdx) + {dldx){qA{d^/dx))dx. 
Thus the resultant force on the section is 

qA^„dx. 

dx- 

Hence, i£ p be the density, the equation of 
motion of the section is 

pA-^^x = qA-^,dx 


or 


d^_q d^ 

cU^ ~'p dx^' 


( 1 ) 


If we put qlp=:c^, this, it can be shown, is 
satisfied by 

^=f(ct~x)+F(ct + x), . . (2) 


and represents ^ wave motion travelling with 
velocity c. The value of c is \^qlp, or, aS 
in other cases, the speed of the waves is 
determined by the square root of the ratio of 
the elasticity to the density, the elasticity in 
this case being measured by Young’s modulus.® 


ViBEOEDT Speoteophotometee. See “ Spec- 
trophotometry,” § (12). 

Violin Family op Steinoed lNSTETrMBNT.s. 
Sec “ Sound,” § (30). 

ViOLLE Standaed : an incandescence stan- 
dard of light. See “ Photometry and 
Illumination,” § (9). 

Viscosity op Glass. See “ Glass,” § (33). 

Visibility. See “ Eye,” § (6). 

Visual Methods op Obseevation, used in 
microscopy with ultra-violet light, of 
animal tissues and other substances which 
fluoresce. See “ Microscopy with Ultra- 
violet Light,” § (7). 

ViTEEOUS Humoue : one of the fluids con- 
tained in the eyeball. See “ Eye,” § (2). 

Voice, Human. See “ Sound,” § (45). 
Compared with other musical instruments. 
See ibid. § (46). 

® Sec article “ Strings, Vibrations of.” 

“ See articles “ Sound ” § (12), and ‘‘ Vibrations 
of Air in a Tube,” 
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WATCH-POCKET SPHEROMETER— WAVE-LENGTHS 


w 


Watoh-pocktst Sphbrometeb. See “ Sphero- 
metry,” § ((5). 

Water, Action on Glass. See “ GLass, 
Chemical Decomposition of,” § (1). 

Wave Form oe Potential Exciting X-rays. 

See “ Radiology,” § (26). 

Wave-length, Variations op, due to — (1) 
the pressure of gas in the luminous source ; 
(2) the pole effect; (3) the presence of 
isotopes ; (4) the presence of a strong electric 
field. See “ Spectroscopy, Modern,” § (8). 
Wave-length and Repraottve Index. See 
“ Optical Glass,” § (3). 

WAVE-LENGTHS, THE MEASURE- 
MENT OF 

§ (1) Introduction. — The phenomena of 
coloured rings, commonty knoAvn as “ Newton’s 
Rings,” were described in his Opticks, jiublishcd 
in 1704, but wore not explained on the basis of 
the undulatory theory of light until 1802, Avhon 
Thomas Young (1) put forth the theory of 
interference of light waves, and was thereby led 
to make the first determinations of Avave- 
lengths of light corresponding to the different 
colours. Measurements of wave-lengths corre- 
sponding to narrow spectral lines were not made 
until somewhat later, after the discovery of 
the dark lines in the solar spectrum. Newton 
showed by means of a glass prism that sun- 
light Avaa made up of Awious colours, and to 
all observers the solar spectrum appeared to 
be a continuous graduation of colours until 
Wollaston (2) in 1802 observed distinct dark 
linos, which ho regarded as boundaries to 
intervals of colour. Wollaston’s discovery was 
forgotten until 1814, when Fraunhofer (3) re- 
peated it and recognised that the dark lines 
represented definite wave-lengths in the solar 
spectrum. In his investigations, Fraunhofer 
mapped about 700 of those lines, assigning 
letters of the alphabet to the most prominent 
ones, beginning with A in the red and ending 
AAdth H in the violet. These lines, still called 
the Fraunhofer linos, are familiar to every ono 
who has any knowledge whatever of spectro- 
scopy. Investigation into the possibilities of 
meastiring the actual lengths of light waves 
led Fraunhofer to develop the theory of inter- 
ference of light and invent the first diffraction 
gratings, with which ho made wave-length' 
measurements of considerable accuracy. His 
method (4) for measuring the wave-lengths of 
light by means of a grating is indeed the same 
as that of the present day. It is based upon 
the interference of rays which are diffracted 


upon passing through a set of equal and equi- 
di.stant apertures or slits constituting the 
grating. 

It was not until 1859 that the physical 
significance of the Fraunhofer lines became 
knoAra. Kirchhofi ond Bunsen then explained 
that “ the dark lines of the solar spectrum, 
which are not caused by the teri’cstrial atmo- 
sphere, arise from the presence in the gloAAong 
solar atmosphere of those substances AA-hich 
in a flame produce bright lines in the same 
position.” Inasmuch as these tAvo scientists 
proved the existence of many terrestrial 
elements in the sun, it was a natural conse- 
quence that the solar spectrum itself should 
become the standard of reference for wave- 
lengths of light. 

With the aid of gratings ruled on glass, 
Angstrom made, as accurately as possible, a 
map of the Normal Solar Spectrum, Avhich he 
published in 1868. The wave-length measure- 
ments covered the visible siiectrum betAveen 
the Fraunhofer lines A and H, and were 
expressed in ton-mil lion ths of a millimetre to 
2 decimal places. This unit of length, 1 x 10“^® 
metro, sometimes called the “ tenth metre,” 
but more commonly knoAvn as the “ Angstrom 
Unit ” (symbolised sim])ly by A), is now 
almost universally used in measurements of 
Ava VO -lengths of light. 

Angstrom’s map was superseded by Row- 
land’s Normal Map of the Solar Spectrum, 
I)ublished in 1 888. and based upon his invention 
of the concave grating. I'his photographic 
map was about 20 metres long, the maximum 
error in any part of the scale of wave-lengths 
being estimated as less than O-Ol A. Row- 
land’s Preliminary Table of Solar Spectrum 
Wave-lengths, representing over 20,000 lines, 
was Imsecl upon determinations of the absolute 
wave-length of ono of the D lines of sodium. 
The wave-lengths were given to 3 decimals in 
A, Rowland believing that the absolute values 
were correct to 1 part in 100,000, and that 
the errors in relative value wore not greater 
than a millionth. For a period of tAventy 
years practically all spoctroaoopio measure- 
ments were based on those values, and oven 
at the present time tlioy are widely used. 

§ (2) Theory and Use or Diffraction 
Gratings in Wave-length Measurements. 
— Tlie simple theory^ of the plane diffraction 
grating gives the Avave-longth of light as a ^ 
function of the grating space and of the angles 
of incidence and diffraction (or roflection) of 
the light rays. Fig. 1 represents the cross- 
section of an element of a transmission grating 

* See "Diffraction Gratings, Theory of”; also 
“Diffraction Gratings, Manufacture and Testing of.” 



in which AB' is to he regarded as the grating 
space b. If light from an illuminated slit S 
falls as a parallel beam on the grating at an 
angle ’of incidence i with the normal, a large 
portion passes directly through the grating 
apertures, but a part of it is diffracted in the 
direction AO, making the angle 9 'with the 
normal. By drawing the perpendiculars BB' 
and OB', it is seen that the difference in path 
travelled by corresponding rays from adjacent 
apertures, or the retardation as it is called, is 
given by the sum of the lengths BA and AC, 
and therefore when this path difference is 
equal to some integral number of whole wave- 
lengtlis n\ bright images of S in colour 



telescope, there are five different methods of 
making wave-length measurements with plane 
gratings. To sketch these the wave-length 
equation or grating law may be written 

?iX=6{sin i -t-sin (5- t)}. 


in which 5 is the angle of deviation or 
5 =»-[- 6. (1) The plane of the grating is 

placed perpendicular to the collimator, so that 
i =0 and 7£K=b sin 5. This method was used 
by Fraunhofer with the first diffraction 
gratings for the first absolute meftsurements 
on wave-lengths of light. (2) The grating is 
normal to the telescope, so that ^ =0 and 
nk =b sin d as before. (3) Both i and 9 are 
given values, so that wX=6(sin i-f-sin 9). 
This was the method adopted by Angstrom. 
(4) The deviation 5 is a minimum. Writing 
the above equation in the form 


‘)ik=2b sin- 


+ 9) 
2 


cos 


2 


it is seen that cos (i - 0)12 is a maximum 
when i —9, which is the condition for minimum 


correspondmg to X are produced when the 
diffracted rays are brought to a focus. This 
condition is easily seen to be given hy 
BA-f AC =nX — 6(sin i-i- sin e„), in whicli n re- 
presents the order number of the spectrum. 

Reflection gratings have been more success- 
fully made than transmission gratings, and 
have, therefore, boon more extensively used 
for wave-length measurements, but the law 
of the gratings ruled on irolished plane metal 
surfaces is quite similar to that of gratings 
ruled on glass. A beam of light falls on the 
grating G, Fiff. 2, making an angle of incidence 
i with the norma), and part of the light is 
diffracted at an angle 9. The perpendiculars 
BB' and CC' ace drawn to show that B'C and 
BC' are the retardations. In this ease the 
total retardation is seen to be determined 
by B'C - BC/ =>6(801 i - sin 6). Wherever this 
equals one or more whole wave-lengths, nk, a 
bright image is seen in colour corresponding 
to X, and we have the law of the grating 

nk = 6(sin i - sin 0„). 

If the diffracted rays are on the same side of 
the normal as the incident rays, then the two 
retardations are added, so that the general 
equation for all the spectra must be written 

nX = 6(.sin i + sin 6n), 

the positive or negative sign being used when 
the incident and diffracted rays are on 
the same or opposite sides of the normal 
respectively. 

Depending on the position of the grating in 
relation to the collimating and observing 



from 

nk=2b sin 


(5) The telescope and collimator are clamped 
at an angle a, and the grating rotated through 
the measured angle /3, whence it can be shown 
that 

nk = 2b sin |3 cos |. 

In this case observations are made by adjusting 
the required spectral line upon the cross-wire 
in the eyepiece, and then rotating the grating 
until the reflected image is brought upon the 
cross-Avire. 

All of these methods require the measure- 
fnent of the grating space 6 ; (1), (2), and (4) 
require the measurement of one angle ; wliile 


(3) and (5) require the measurement of two 
angles. 

Bell (5), whose determinations of the wave- 
length corresponding to received greatest 
weight in establishing Rowland’s standards, 
used the second method with two glass trans- 
mission gratings and the fifth with two reflec- 
tion gratings ruled on speculum metal. 

All plane gratings require the use of lenses 
to focus the diffracted waves. These introduce 
chromatic difficulties in focussing, and further 
limitations due to absorption, so Rowland, 
in 1881, invented gratings ruled on spherical 
mirrors, so that the concave grating should 
focus spectra without the use of a lens. The 
most important characteristic of the concave 
grating is the simplicity Avith which it can be 
focussed. If the slit of the spectroscope and 
the grating be placed on the circumference of 
a circle ^ whose diameter equals the radius of 
curvature of the gi'ating, the spectra are all 
in focus on this circle, illustrated by Fig. 3, 



BE being the diameter of the circle and equal 
to the radius of curvature of the concave 
grating. If the slit he placed on the circum- 
ference of this circle, e.g. at A, the spectra are 
all in focus on the circumferonco, as at E. 

With both plane and concave gratings there 
is groat advantage obtained by forming the 
spectra on the normal to the reflecting surface, 
for this gives the so-called normal spectrum, 
that is, distances measured either way from 
the grating normal are proportional to the 
change in wave-length observed. Rowland 
devised a mounting for his oonoavo grating 
which automatically kept the observing 
apparatus (eyepiece or camera) on the normal 
to the grating surface. The grating and 
cameta, Fig. 3, are mounted on carriages 
rigidly separated by the beam BE, whose 
ends are constrained to move along the rails 
AB and AC. These rails are adjusted at right 
angles to each other, and have the slit at their 
intersection A. Every circle having the 
shifting beam BE as a diameter must pass 
through A, and if the grating is fixed normal 
to BE, its centre of curvature coincides exactly 

‘See "Diffraction Gratings, Theory of," § (11), 
Vol. IV. 


witli, E, giving a normal spectrum at that 
point. 

Rowland’s method of determining relative 
wave-lengths is based on a simple feature of 
this grating mounting in that the v'ave-length 
equation is reduced to nX =6 sin i, when ob- 
servations are made near the perpendicular 
to the grating. Then for a given angle i and 
different s])ectral orders,.!, 2, 3, etc., 

\ = b sin i in the spectrum of the first order, 
2 X 3 = A sin i in the .spectrum of tlio second order, 
3 X 3 = b sin i in the spectrum of the third order, 
etc., 

where Xi, Xj, X 3 , etc., are the wave-lengths in 
the 1st, 2 nd, 3rd, etc., oi'ders. It follows 
that Xj = 2 X 3 = 3 X 3 , etc., which means that 
various orders of spectra arc superposed, and 
the wave-lengths of each are inversely propor- 
tional to the order number of the spectrum. 
For example, a wave-length of (iOOO A in the 
first order spectrum will have superposed on 
it 3000 A in the second order and 2000 A in 
the third order. By measuring tlie lines in 
various orders nearly suporjiosed on the sodium 
lino (Bj =n896-15(i A), Rowland first compared 
l-l- solar wave-lengths with this standard as 
acoAirately as possible, and in a similar way 
obtained from those the wave-longliis of prin- 
cipal linos throughout the solar spectrum ( 0 ). 

Another typo of concave grating mounting 
which has boon adopted by many laboratories 
is due to Runge and Pasohen (7). This uses 
a lens or ooncnvo mirror to illuminate tlio 
grating with jjarallol light from the slit, and 
reduces the dispersion or scale of spectrum 
to about half that in the Rov'land mounting, 
with the result that the intensity of the 
apootnim is theoretically quadj’uplod. Tlio 
astigmatism in. spectra given by the Rowland 
mounting is practically eliminated by mounting 
the grating in parallel light. Those stigmatic 
slit images permit ( 1 ) the use of diaphragms 
in front of the slit tf) photograph different 
spectra in juxtaposition ; ( 2 ) the projection of 
different parts of sources, of interferometer 
fringes, etc., on the slit ff)r spectral analysis. 

The complete theory of diffraction gratings, 
both piano and concave, together with de- 
tailed directions on mounting, adjusting, and 
using gratings for wavo-longtii rneasuromonts, 
may bo found in vol. i, Hnndbuc.Ii der Spectra- 
scopie, by H. Kayser, or in Spectroscopy, by 
E. C. C. Baly. Limitations of apace will not 
permit more on this sul)ject hero, except 
to call attention to a recent controversy on 
the validity of the fundamental law of the 
gratmg, and (luostioning the use of gratings 
for accurate measuromenta of wave-lengths. 
When in 1001 Rowland’s standards were 
found to contain relative errors of nearly 
I part in 100,000, thcHO errors were attrilmted 
to the erratic behaviour of diffraction gratings. 



Kayser (8), in 1904, made some experiments 
wiiiclv led him to the conclusion that the 
coincidence between orders of spectra is not 
to be depended upon. It has since been 
shown {{)), however, that the fundamental law 
of diffraction gratings is true, so that the 
errors in Rowland’s values as well as the 
experience of Kaj'ser require other explana- 
tions. According to. Jewell (10), the relative 
errors in Rowland’s Table are due to disturbed 
apparatus and failure to recognise that 
corrections were necessary for the Doppler- 
Fizeau effect or for air-pressures and tem- 
peratures, while Goes (11) has shown that the 
discrepancies observed by Kayser may be 
exjjlained by slight defects in the adjustment 
of the grating and perhaps to inattention to 
constant conditions in operating the sources of 
Light. If accurate measurements of wave- 
lengths are to be made with gratings, stability 
of mounting and correctness in adjustment 
must be insured and temperature fluctuations 
guarded against. The change in the refrac- 
tive index and dispersion of air (12) will cause 
overlapping spectrum brders observed as co- 
incidences at one temperature to be shifted 
at other temiieratures. 

Another matter which deserves attention 
in connection with the use of gratings for 
wave-length observations is the presence of 
spurious lines or “ ghosts,” due ibo periodic 
errors in the ruling. These false lines are 
present in all grating spectra, and cannot be 
distinguished from real lines except by testing 
their relationship to ])arent lines by means of 
numerical ratios. Two general types of such 
spurious lines are known : (1) Ghosts located 
near the sj)ectral line, and symmetrically 
I)laced on both sides of it; and (2) spurious 
lines, whose positions in the spectrum are far 
removed from the parent line. 

False lines of the first type, generally known 
as the Rowland ghosts, arise from errors of 
ruling repeated with successive revolutions 
of the screw. For example, Rowland gratings 
ruled 20,000 lines per inch with a screw of 
1/20 inch pitch have an interval of 1000 
lines in which errors recur. The position of 
these ghosts with respect to parent lines is 
that of additional spectra from a grating 
having 1000 times the grating space ; their 
apparent wave-lengths differ from that of the 
parent line by n/1000 times the wave-length 
of the corresponding lino if n represents the 
order of the false spectrum. Anderson ruled 
gratings with 760 lines per revolution of a 
screw having 1/20 inch pitch, thus making 
16,000 lines per inch, while the use of every 
other or every third tooth of the wheel 
produced gratings of 7600 and 6000 lines per 
inch. These gratings give ghosts at distances 
n\j75Q, n\l315, and nX/260 respectively, from 
the parent line of wave-length X. 


Except in complicated spectra, the Rowland 
ghosts are usually easy to detect on account 
of their symmetry and proximity to the real 
lines, but it is much more difficult to eliminate 
spurious lines of the second type. lyman (13) 
found spurious doublets occurring at positions 
corresponding roughly to X/3 and 2X/3 in 
spectra produced by Rowland gratings having 
14,438 lines per inch. An Anderson grating 
with 7500 lines per inch has been found at the 
Bureau of Standards to give false reproductions 
of a given line of wave-length X in positions 
near 2\/5, 3\/5, 4X/5, 6X/5, 7X/5, 8X/5, and 
9X/5. Similar false spectra have been detected 
in the 6000 lines per inch gratings ruled by 
using every third tooth in the wheel. Although 
these secondary lines are usually of relatively 
low intensity, they may, nevertheless, be very 
troublesome and embarrassing when recorded 
by the long exposures necessary to photograph 
the infra-red and extreme ultra-violet spectra. 

§ (3) Standard Wave-lengths by Inter- 
EEROMETEB METHODS. — An extraordinary 
degree of accuracy in wave-length measure- 
ments was made possible with the invention 
of the interferometer apparatus, in which a 
beam of light coming from a single source is 
first separated into two portions which are 
retarded relative to each other by passing 
over unequal optical paths, and then reunited, 
producing interference fringes. The inter- 
ferometer method of wave-length measurement 
has several advantages over the grating 
method : the distance between two parallel 
interferometer plates is easily and accurately 
determined ; it eliminates the precise measure- 
ment of angles ; it permits the production 
of various lengths which are exact multiples 
of some unit ; and less labour is required to 
make accurate comparisons of wave-lengths. 

The first absolute measurement^ of a light 
wave by the interferometer method was made 
in 1893 by Michelson (14), who determined 
the number of waves of three radiations from 
cadmium vapour which were equal in length 



Fig. 4. 


to the standard metre. Nino intermediate 
standards, the lengths of which were repre- 
sented by the distances between the planes 
of two mirrors and Mg, Fig. 4, were 
constructed. The lengths of these inter- 
mediate standards were 10 cm., 10x2"i cm., 
10x2"® cm. . . . the smallest being 10x2"® 

^ See also “ Line Standards,” § (7), Vol. II. 


cm., or about 0-39 millimetre. The optical 
system and two of the standards A and . B 
are shown in the diagram, Fig. 6, in which C 
da the mirror of reference. An observer at 0 



sees by reflection at the half-silvered surface E, 
the image of C, superposed on the four 
mirrors on A and B, two of which lie side by 
aide below, and another pair above. B and C 
are mounted on carriages which can be moved 
back or forth by means of parallel screws. 
The length of the shortest standard was first 
determined in terms of the wave-length of 
cadmium red light. The front surface of B 
was adjusted to the same optical distance as 
0, and the reference plane C was then slowly 


light as a source and turning the mirrors 
slightly about a vertical axis gave vertical 
fringes, and the dark central fringe which marks 
zero difference of path appeared on adjacent 
edges of the front mirror of A and B. Then 
C was moved back until the dark fringes were 
seen in the upper mirror of B. Now when C 
was moved back through its own length the 
dark fringes again appeared in the lower 
mirror of B, and moving C back a distance 
equal to the length of B brought the fringes 
once more into view on the upper mii-ror of B. 
If A was exactly twice the length of B, fringes 
were also seen in the upper mirror on A. 
If A was not exactly twice B the central fringe 
was displaced, and the difference, in wave- 
lengths, between A and 2B was easily obtained 
from a slight tilt of the compensator D. In 
this way the lengths of successively larger 
intermediate standards were obtained in terms 
of wave-lengths of light. Finally the 10 cm. 
standard was compared with the metre by 
moving it through its own length 10 times. 
Michelson found at 15° C. and 760 mm. 
pressure 

I m. =1553163-5 red waves from wliicli A, = G438-4722 A. 

„ =1900249-7 green ,, ,, ,, „ =5085-8240 A. 

„ =2083372-1 blue ,, ,, ,, ,, =4799-9107 A. 


An absolute accuracy of 1 part in 2,000,000 
was claimed, while the relative accuracy might 
be 1 in 20,000,000. 

An independent measurement of the wave- 
length of cadmium red radiation, in terms of 
the metre, was made in 1907 by Messrs. 
Benoit, Eabry, and Perot (15). Compared with 
Michelson’s, their apparatus was simplified 
and ari'anged so as to reduce the dangers from 





moved back to coincidence with the second 
surface of B, during which shift the number 
of circular fringes was counted as they flowed 
out from the centre of the interference figure. 

The next operation was to compare twice 
the length of this standard B with the next 
longer one A. These were first adjusted so 
that their front lower mirrors were the same 
optical distance from E as C. Using white 


temperature changes in the standards, by 
shortening the time necessary to perform the 
experiment. Five standards were made by 
separating half-silvered glass plates at distances 
of 6-25, 12-6, 25, 50, and 100 cm., and these 
were so placed that the comparisons could be 
made without moving any of them. The 
arrangement is shown diagrammatically in 
Fig. 6. As in Michelson’s method, the 


difference in length between one standard and 
the double length of the previous one had 
to be measured accurately. To compare A 
with B, for example, white light coming from 
S was reflected by mirrors 1 and 2, passed 
through A and B, mirror 5 being moved out of 
the way. This light was reflected by mirror 3 
through a compensating wedge of air between 





• Fig. 

Cd;^ 

two silvered glass plates F and into a micro- 
scope L. If A was very nearly 2B, a ray of 
light traversing A and twice reflected in B 
covered a path nearly equal to that of another 
ray crossing A twice and passing through B. 
Interference bands resulted, and from the 
])osition of the central fringe on the wedge 
compensator the difference between A and 
2B was accurately determined in wave-lengths. 
Similarly, the other standards were compared, 
and Anally the 6-26 cm. standard was measured 
in wave-lengths of the 
cadmium rod radia- 
tion. The number 
of those waves in 1 
metre was found to 
be 1,653,164T3, or 
X 6438-409(l A in dry 
air at 11)° C. and 700 
mm. ])ros8uro. The 
probable error was one 
part in 10,000,000 ; 
this absolute deter- 
mination of wave- 
length having the same 
accuracy as it is pos- 
sible to obtain in the 
comparison of two 
metre bars. Their 
value differs from 
Miohelson’s by 1 part 
in 2,500,000, because it refers to dry air. 
An approximate reduction of Miohelson’s 
value to dry air gives X = 6438-4700 A, 
which chocks the later value to 1 part in 
16,000,000. The original memoirs should be 
referred to for further details concerning 
these beautiful oxpettments, which establish 
with extreme precision a wave-length of light 
as a unit of lon^h probably more invariable, re- 
producible, and important than any other unit. 

In 1907 the International Union . for Co- 
operation in Solar Research made oertain 


recommendations for the final establishment 
of a system of satisfactory light wave stan- 
dards. The absolute value of the red radiation 
of cadmium as redetermined by Benoit, Fabry, 
and Perot was chosen as a primary or funda- 
mental spectroscopic standard. It was further 
recommended that secondary standards be 
determined at intervals of about 50 A through- 


S 



out the spectrum of the iron arc by comparison 
with the primary standard, using the inter- 
ferometer method as devised by Fabry and 
Perot (16). This method is as follows : The red 
light from a cadmium lamp and the light from 
an iron arc are sent simultaneously through 
a Fabry and Perot interferometer, I, and the 
circular fringes thus formed are focussed with 
their centre on the sUt S of a spectroscope. 
Fig. 7. The prism (or grating) separates the 
numerous spectral lines and permits, at P, 
an independent deter- 
mination of the dia- 
meters of the circular 
fringe system produced 
by each line or radia- 
tion. The order of 
interference at the 
centre of a system of 
rings is determined for 
the two radiations 
whose wave - lengths 
are to be compared. 
Let X he the wave- 
length of the cadmium 
red ray, and let P be 
the order of interfer- 
ence producuig the first 
ring from the centre. 
The order at the centre 
is then p = P -|- p', where 
p' is the fractional order, lying between zero 
and 1, to be determined from the diameter of 
the ring P. The whole number P is readily 
found from the distance between the plates. 
This results from trying various values of this 
distance with three or four wave-lengths until 
the computed fractional order of each agrees 
with its measured value (17). The order of 
interference at the centre (i = 0) is p = 2e/X, 
where e is the distance between the plates. 
Fig. 8. In a direction making an angle i 
with the normal it is 2e cos ij\ = p ®os i. 
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Now if X is the angular diameter of the 
ring P, 

i = ^and P=^ cos 

ty* /v«2 

But cos g= 1-2 = 1--^ 

approximately, so that 

.P=:p(i-|’), or J. = P(l + f) 


and p'=p--p=^V~- 

Similarly with a radiation, of wave-length 
we have 



The thickness of the air layer between the 
plates is assumed to be the same for aU radia- 
tions, whence 

H^+P')=\(P^+P\) 


or 




TPi+yi) 



Substituting the above values of p' and p\, 







If d represents the linear diameter of the ring 
and R the focal length of the lens which 
focusses the rings on the slit of the spectro- 
scope, a: = d/R and 


Xi = 


XP 

Pi 


V SRa 8RV 


Slight corrections are necessary for the 
dispersion of the atmosphere and refractive 
index of air (18) at temperatures other than 
15° C. and 760 mm., and for the reflection 
phase-change (19), which is a function of the 
wave-length. This method of wave-length 
comparisons can be applied only to waves 
whose lengths are already known accurately 
enough to allow P, the order of interference 
producing the first ring, to be determined 
without ambiguity. For this purpose an 
accuracy of one part in 20,000 or 30,000 is 
sufficient if the preliminary measurements 
are made with an air -pi ate thickness not 
exceeding 6 mm. The final accuracy of the 
comparison can be made to reach 1 part in 
6 , 000 , 000 . 

§ (4) Standards ox Wave-length. — That a 
train of waves emitted by a source of homo- 
geneous fight furnishes for length measure- 
ments a scale of extraordinary precision and 
constancy is now more or less familiar to 


every one, and the importance of such 
fimdamental standards to spectroscopy, 
metrology, and precision optics generally is 
fuUy appreciated. For practical use very 
narrow (homogeneous) spectral fines must 
be used, and their wave-lengths should be 
carefully defined with respect to the conditions 
producing or influencing them. Several suc- 
cessive attempts have been made to define 
such a system of Standard Wave-lengths, each 
aiming at higher precision by making use of 
more refined methods of measurement or of 
more satisfactory fight sources. The Solar 
Spectrum Standards first determined by 
Angstrom in 1868, improved and extended 
by Rowland in 1888, have already been 
mentioned. The absolute measurements made 
by Michelson in 1893 on cadmium fines in 
terms of the standard metre at Paris showed 
that Rowland’s wave-lengths were too large 
by 1/30,000, but spectroscopists paid little 
attention to this fact since there was still 
no reason to doubt the correctness in relative 
value of Rowland’s numbers. In 1901, Fabry 
and Perot measured about 30 fines in the 
solar spectnim between 4643 and 6471 A by 
means of their interferometer, and their work 
revealed the fact that systematic errors 
existed in Rowland’s Table, making the errors 
in relative magnitudes nearly 1 part in 
100,000. The probable sources of these 
errors are discussed under the theory and 
use of diffraction gratings for wave-length 
measurements. 

The question of standard wave-lengths was 
discussed at the first meeting of the Inter- 
national Union for Co-operation in Solar 
Research (21), and the necessity for establishing 
a new system of standard wave-lengths from 
artificial sources was agreed upon. At the 
second meeting of this Union in 1905, the 
following decisions (22) were reached : (1) The 
wave-length of a properly ehosen radiation 
shall be taken as a primary standard of wave- 
lengths. The number which represents this 
wave-length shall be fixed one time for all ; 
it shall define the unit of wave-length, which 
must differ as little as possible from 10"^“ 
metre, and shall be called Angstrom. (2) There 
is reason to choose secondary standards 
separa.ted by not more than 50 Angstroms. 
These secondary standards shall be referred 
to the primary standard by a method of 
interference. The luminous source shall be 
an electric arc of 6 to 10 amperes. 

In 1907 a report of the measurement by 
Benoit, Fabry, and Perot (22) of the wave- 
length of the red radiation from cadmium was’ 
presented at the third meeting of the Inter- 
national Union, and the following resolution 
was adopted (loc,. cit. p. 20) : “ The wave- 
length of the red ray of fight from cadmium, 
produced by a tube with electrodes, is 




1*469G Angstrom in dry air at 15° 0. on 
hydrogen thermometer, at a pressure of 
mm. of mercnry, the value of g being 
B7 (45°). This number will be the defini- 
of the unit of wave-length.” 

10 first determinations of secondary 
dards were reported in 1907 by Fabry 
Buisson {loc. cit. p. 1.S8), who measured 
wave-lengths of 115 lines in the iron arc 
1 2373 to 6494 A by their interferometer 
liod. Similar measurements were made by 
rsheim (24) and by Pfund (25), and the mean 
.os of the three independent determinations 
5 adopted as secondary standards by the 
irnational Union in 1910, comprising 54 
i between 4282 and 6494 A. 

he agreement between interferometer 
surements of these wave-lengths is re- 
kably good (-002 or -003 A), and there is 
on to believe that the accepted secondary 
.dards have a precision of 0-001 A, i.e. 
r are correct and reproducible to part 1 in 
sral millions. This is the extreme limit 
cli it is possible to obtain, since the most 
logeneoua lines of iron have a width of 
ut 0-060 A, and a precision of 0-001 A 
esponds therefore to 1/60 of the width of 
line. Some of the differences between 
les of different observers can probably be 
)unted for by difl'eront are conditions 
)loyed in dilfercnt laboratories, and special 
jstigations on the effect of arc conditions 
iv that the wave-lengths of certain iron 

3 which are sensitive to pressure are also 
oted by current strength, length of arc, 

portion of arc used. Bocognition of these 
lonoes led, in 1913, to the adoption of more 
3i80 speoitioations of the iron arc in air as 
lufoo of international standards (26) as fol- 
s : — (1) Length of arc 6 mm. (2) Current of 
nperes for wave-lengths greater than 4000 A, 

, 4 amperes or loss for wave-lengths less 
n 4000 A. (3) Use direct current with 
itive pole above the negative and a potential 
220 volts ; iron rods of 7 mm. diameter. 
As a source of light use an axial part of 
ut 2 mm. in the middle of the arc. (5) 

I only iron lines of groups a, b, c, d (Mt. 
son Classification). 

b was also proposed, in 1910, that “the 
isurement of standards of the second order 

11 be extended to shorter and longer wave- 
jths, and the aiithmetical mean of three 
epondent determinations shall be adopted 
secondary standards.” .Tn the past ten 
rs very little progress has been made in 
ending this system of secondary standards. 
> most extensive measurements were made 
Burns, who compared directly with the 
raium primary standard the wave- 
jths of 125 iron lines (27) from 5434 to 

4 A and 100 lines (28) from 2851 to 
1 A. 


The wave-lengths wdiich have been adopted 
as International Secondary Standards are 
collected in the following table : 


International Secondary Standards. 


3370-789 

4375-934 

5405-780 

S399-337 

4427-314 

6434-627 

3446-154 

4466-566 

6455-614 

3485-346 

4494-572 

6497-522 

3513-821 

4531-155 

5506-784 

356G-881 

4547-853 

6569-633 

3606-682 

4592-658 

5686-772 

3640-392 

4602-947 

6615-661 

3676-313 

4647-439 

6668 836 

3677-629 

4691-417 

6709-396 

3724-380 

4707-288 

6763-013 

3763-616 

4736-786 

6867-759 Nt 

3805-346 

4789-667 

6892-882 Ni 

3843-261 

4869-768 

6027-059 

3860-820 

4878-225 

6065-492 

3865-527 

4903-325 

6137-701 

3906-482 

4919-007 

6191-668 

3907-937 

4966-104 

6230-734 

3035-818 

6001-8S1 

6266-145 

3977-746 

6012-073 

6318-028 

4021-872 

• 6049 827 

6336-341 

4076-642 

6083-344 

6393-612 

4118-662 

6110-416 

6430-869 

4134-686 

6167-492 

6494-993 

4147-676 

6192-363 

6640 -250 

4191-443 

6232-067 

6692-928 

4233-615 

6266-609 

6678-004 

4282-408 

6302-316 

6750-163 

4316-089 

5324-196 


4362-741 

6371-496 

. . 


In addition to the above determinations of 
secondary standards, many other measure- 
ments of wave-lengths in the iron arc spectrum 
have been made, some with interferometers 
and others with diffraction gratings, partly to 
set up a system of tertiaiy standards and 
partly to investigate further the effect of the 
operating conditions of the arc upon its wave- 
lengths. Among such investigations the most 
important in some re.spects appears to be that 
of the so-called “ pole effect ” on arc lines. 
This has been studied in some detail at the 
Mt. Wilson Observatoiy (29), where it is found 
that certain iron lines ■which are also sensitive 
to pressure give wave-lengths in the centre 
of the arc slightly different from those near 
the negative pole (one or two millionths), and 
also that this effect is somewhat reduced 
when, instead of using two iron electrodes, 
a carbon electrode and an iron one are 
used (30). 

Corrections to wave-lengths measured in air 
also deserve mention in connection with the 
exact measurements. The Rowland system 
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of standards was defined in air at 20° C. and 
7G0 mm. of mercury, and correction tables 
to reduce such wave-lengths or oscillation 
frequencies to va.cuuin. values are given in 
Kayser’s Handbuch, ii. 514. Since the new 
International System specifying wave-lengths 
at 15° C. has come into general use, there has 
been no uniformity in such corrections. The re- 
sulting confusion has been pointed out by Birge 
(31), who recommends that the recent work 
of the Bureau of Standards (18) on the mdex of 
refraction of air for wave-lengths from 2218 
to 9000 A be referred to for these corrections 
in all future work. International adoption 
and use of the new tables will exclude all 
further possibility of ambiguity or question 
about the conversion of wave-lengths to stan- 
dard air conditions or to vacuum when such 
wavo-lengths are not actually observed under 
these conditions. 

International co - operation ceased during 
the war, but a new International Astronomical 
Union, representing several of the allied 
countries, was organised in Brussels in July 
1919. A now committee on Standard Wave- 
lengths and Solar Spectrum Tables was 
appointed, and this committee 'will, no doubt, 
consider the possibilities of still further im- 
proving the precision of standards and methods 
of measuring wave-lengths. 

§ (5) Wave-lbngth Measurements with 
Prism Spectrographs. --Diffraction gratings 
and interferometers are very wasteful of light, 
so that the prism siiectrograph must be 
employed for spectral analysis of faint sources 
such as the stars, planets, low voltage arcs, 
eto. Wave-length measurements with prism 
spectrographs are generally obtained by 
methods of interpolation after the positions 
of the unknown lines are measured relative 
to the positions of certain well-known lines 
whose wave - lengths have already been 
accurately determined. Either graphical 
interpolation or an interpolation formula may 
be used. The graphical method requires 
drawing the dispersion curve of the spectro- 
scope, i.e. the curve showing the relation 
between wave - length and corresponding 
deviation. This curve is obtained by measur- 
ing the deviations of well-known lines in 
different parts of the spectrum and then 
plotting these numbers against the wave- 
lengths on cross - ruled paper. A smooth 
curve traced through these points is the 
calibration curve oif the instrument. To 
determine the wave - length of an unknown 
line it is only necessary to measure its devia- 
tion, after which the wave-length can be read 
directly from the curve. 

Hartmann’s interpolation formula is in 
common use, and very satisfactory for the 
purpose of determining wave-lengths of lines 
in prismatic spectra. It states the relation 


between wave-length X and refractive index 
fi as follows : 


X — Xq - 1- 


c 

(k- 


where Xq, c, /x„, and a are constants. For 
relatively short ranges of wave-length, a, which 
has a value of about 1'2, may be placed equal 
to unity, and /j, may be replaced by the hnear 
distance n between lines along the focal curve. 
Then 


Hartmaim pointed out that \ is a constant 
for any particular spectroscope and may be 
determined once for all, while represents 
.some definite point on the linear scale. The 
known wave-lengths Xj, Xj, and X3 and corre- 
sponding scale readings w,, and Ug for three 
line,s are sufficient to calculate the three 
constants X^, c and n^, as follows : 


Xj) — X3 


Xx ('^ 1 ~ ^2) 

S{n3 - n^) + {ill - n^)’ 


c — (Xq - X3)(a(j — 713), 


^ (Xq — X3)(W3 — Wq) 

'‘'0 ’ 

where 

X2' = X2-Xa, and S = 

Xg 

The accuracy obtainable in wave - length 
measurements from prism spectrograms de- 
pends principally on the dispersion, and 
under the best conditions the limit is about 
0-01 A. Spectroscopic work with prisms is, 
of course, h mi ted to the range of wave-lengths 
for which transparent prism materials are 
available. The lower limit is set by fluorite, 
which transmits to 1200 A, and sylvine marks 
the upper limit at about 23 /<, or 230000 A. 

§ (6) Wave-length Measurements in the 
Schumann Region. — The most precise deter- 
minations of light waves exist for the range 
from about 2000 to 9000 A, that is, in the 
region of the spectrum which is most easily 
photographed. It is very difficult to work 
with shorter waves because of the strong 
absorption of their energy by the air and by 
the gelatine of the photographic emulsions. 
Schumann (32) first overcame these difficulties 
with a vacuum spectrograph, fluorite prism, 
and special photographic iflates. Conse- 
quently, these short waves are commonly 
called Schumann waves. 

The first successful attempt at accuracy in 
length measurements of Schumann waves was 
made by Lyman (33). The wave-lengths of the 
hydrogen fines in tins Schumann region were 
measured to serve as standards. The method 
used is briefly as follows : 


illuminated slits S and S', placed on a couple to turn in the magnetic field. In 1881 
whose diixmeter is the grating’s radius Langley (34) announced his actinic balance or 
vature, will give images at i and I', bolometer,^ which measures the temperature 
pectra corresponding to each {Fig. 9). of a very fine strip of metal in terms of the 
I'D first-order spectra will be shifted Avith change of electrical resistance. Two similar 
b to each other by an amount depending strips are placed in two of the arms of a 
distance between tlie slits. At a given Wheatstone bridge. When radiation falls on 
on a photographic plate between I and one of them the resistance changes and causes 
light brought to a focus from S will be a deflection of the galvanometer. 

)rter wave-length than that from S'. In connection with this method of spectrum 
mount of this shift was determined by investigation the name of Langley (35) became 
ring known lines of the aluminium and famous. His bolometer was an exceedingly 
pectra at one end of the plate. Then great advance upon any of the apparatus 
ager wave portion of the iron spectrum which had previously been constructed. With 
to 2400 A) was su])erposcd on the shorter a bolometer strip 0-5 mm. broad and -002 mm. 
portion (1900 to 1200 A) of the hydrogen thick he reached a sensitiveness of 10““° C. 
am and the wave-lengths in the former With such instruments he investigated the heat 
id by the shift. The accuracy in this spectrum of the sun and the absorption of 
does not surpass 0-2 or 0-3 A. the earth’s atmosphere. In his final work on 

shortest waves observed by Schumann the solar spectrum Langley used a fixed-arm 
f worn about 1200 A. Lyman extended type of spectrometer, with lenses and prisma 
eotruin down to about of rocksalt, and the spec- 

A, and has collected q trum was made to pass 


mportant tables of 
■ lengths and other 
1 data relathig to the 
lann region in a mono- 
ontitlod Spedrosco'py 
Extreme Ultra-violet. 
recently Millikan has 
cl the wave - length 
an octave lower, so 
, gap of loss than five 
3s remains between 
shortest ultra - violet 



over the bolometer atrip by 
rotating the prism. The 
galvanometer readings were 
recorded on photographic- 
ally sensitive paper whose 
motion was co - ordinated 
with that of the prism. 
From the known dispersion 
of the prism the wave- 
length of any spectrum 
line shown upon the record 
could be found, and also, 


and the longest X 


kio. 9. 


from the length of the 


thus far observed. 


galvanometer throw, its 


) Wavid-length Meastjbbmbnts in T.HE intensity estimated. Langley thus mapped 
.-RED. — Beyond the photographic limit, the solar spectrum as far as 6-5 g, and 
igation of the infra-red spectrum by observed 700 lines between A (-7604 /x) and 
i of the heating effect of the rays has this limit. 

carried on with the aid, chiefly, of ther- For more than a decade Langley was prao- 
0 , radiometer, radio -micrometer, and tically the only worker in this field. In 1892 
Loter. The thermopile consists of a Rubens (36) began to measure the dispersion of 
er of junctions of dissimilar metals, various substances for long wave-lengths, 
u'smuth and antimony, iron and con- With a bolometer he measured the dispersion 
n. If radiation falls on alternate of crown and flint glasses, water, and various 
ons a galvanometer in the eirouit will hquid hydrocarbons to 3 m, and of quartz, 
a deflection proportional to the heating rocksalt, and fluorite to 3’5 fx. Later he 

extended the work on fluorite to 6'48 g. 

} radiometer is a modification of the In 1894 Paschen (37) went out to 9'3 /t by 
ment devised by Crookes in which mica using a fluorite prism, and Rubens (38) and 
, accurately mounted on a central spindle Trowbridge in 1897 pressed forward to 23 fi 
zuo, rotate when placed in the path of by using prisms of rocksalt and gylvine. The 
it energy. The radio - micrometer ^ in- continuous spectrum was thus extended to 
d by Boys and d’Arsonval simultaneously thirty -nine times the wave-length of sodium 
ype of galvanometer. A single thermo- yellow, or five octaves into the infra-red. A 
Q is suspended by a quartz fibre with the further extension in this manner seemed impos- 
of the couple in the line joining the sible, because no substances were known which 
of a magnet. When radiation falls on were more transparent than sylvine to the 
.ction the current generated causes the long waves. The extreme limit of prism 

e “ lladlo-mlcrometor and other Instruments,” “ See “ Radiant Heat, Instruments for the Measure- 
[j, ment of,” § ( 18 ). 



Transmission is nxea oy syivine at iia fx. Witri 
rocksalt and fluorite the limits are already 
reached at 15 ^ and 9 /x respectively. It is 
an interesting fact that the absorption which 
makes it impracticable to use these substances 
further as prism material furnished the key 
to still greater penetration into the infra-red 
region. 

The presence of these absorption bands is 
attributed to a resonance phenomenon which 



causes a large part of the incident radiation 
to be re-emitted, so that the particular sub- 
stance shows metallic (he. high) reflection at 
those points. This fact is the basis of the 
method of isolating long waves which was 
worked out by Rubens (39) and Nichols in 1899. 
If the radiation of a source falls upon a plate 
of rocksalt, for example, all wave-lengths are 
transmitted except in absorption regions ; 
the wave-lengths corresponding to the maxi- 
mum absorption are almost wholly reflected. 
The diagram (Fig. 10) of Rubens’ apparatus 
shoAvs light from an incan- 
descent Welsbach burner 
A passing through a wire 
grating G and under- 
going several successive 
reflections before being 
focussed on thermopile 
T. The final radiations 
thus obtained by suc- 
cessive reflections from 
a sub.stance were called 
“ Reststrahlen ” or residual rays, and possess 
the greatest energy for almost the same wave- 
lengths as the maxima of the absorption bands 
for the substance. For example, the absorption 
bands computed, by means of the Ketteler- 
Helmholtz dispersion formula are at 35 g for 
fluorite, 56 /x for rocksalt, and 67 g for syivine. 
Rubens and Nichols found experimentally 
for fluorite 24 g and 34 /x, for rocksalt 52 g, 
and for syivine 63-4 /x ; very good agreement 
if one considers that the dispersion formula 
requires the reflection maximum at somewhat 
shorter wave-length than the absorption. It 
was suspected that for other substances, 
especially those with larger molecular weight. 


still longer Avaves could be round, ims Avas 
confirmed by Rubens, and is shown in the 
foUoAving table : 


Substance. 

Mean A. of 
Reststrahlen. 

Molecular 

Weight. 

Roclcsalt (NaCl) . 

52-0 /X 

58-5 

Svlvine (KCl) .• . 

C34 

74-6 

Silver chloride (AgCl) 

81-5 

143-4 

Potassium bromide (KBr) 

82-G 

119-0 

Thallium chloride (TlCl) 

91'6 

239-5 

Potassium iodide (KI) . 


166 -0 

Silver bromide (AgBr) . 

\ni 

188-0 

Thallium bromide (TlBr) 

117-0 

284-0 

ThaUium iodide (Til) 

151-8 

331-0 


The infra-red spectrum was thus pushed to 
nearly 8 octaves above the Adsible. Because 
of the limited energy of sources, further 
extension to longer waves by the Reststrahlen 
method is difficult in spite of the refinement 
of modern apparatus. 

A still further improvement in the method 
of isolating very long waves was .made by 
Rubens (40) and Wood in 1911. The method is 
based on the selective refraction and selective 
absorption of quartz. Quartz has an absorp- 
tion band beginning at 4-5 /x which reaches 
far out into the infra-red, but for wave-lengths 
longer than 70 /x it becomes transparent. 

At the same time, in consequence of its 
anomalous dispersion, quartz has a very large 
index of refraction for 70 y. ; at 63 /x, « = 2-19 
and approaches 2-14 with longer Avave-lengths. 
For visible and short heat waves its index of 
refraction ranges from T 43 to T 55. A quartz 
lens, therefore, has a much shorter focal 
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length for extremely long waves than for the 
shorter ones. This principle was used by 
Rubens and Wood in their apparatus. Fig. 11, 
in which the long waves are selected from the 
source S by means of the quartz lenses and 
Lg and opaque screens D which stop the short 
waves. The long waves pass through an 
interferometer I and are focussed on a thermo- 
pile T. The great advantage of this method 
of focal isolation is that large angular apertures 
can be used and the radiation is weakened only 
by reflection and absorption by the two quartz 
lenses. Its only disadvantage is that all the 
radiations for which n approximates 2- 14 pass 
through. The wave-lengths are determined 














Table of Wave-lengths 



Octave 

Frequency 

Wave- 


No. 

X 10*‘. 

length A. /X. 


nknowji . 





Jnknown 


Jltra-violet 


Visible. 



1,000,000 

491,620 


- 8 I 900'0 

480-0 
240-0 

- 6 1 120-0 


- 3 30-0 


- 2 16-0 


0 3-75 


0-000003 

0-000006 


0-000195 

0-00039 

0-00078 


-f 1 

1-876 

1-6 

+ 2 

0-940 

3-2 

+ 3 

0-470 

6-4 


-000007 fx. Rutherford, 1914. 7 from radium B 


0-000012 

0-000024 

0-000048 — -0000292 from Neodymium 

— -0000560 jti. from silver. Moseley, 1914 


— -0001366 fx. 7 from radium B. Rutherford, 1914 ' 


- -0008364 /x. Xjj from aluminium. Moseley, 1914 
— -0012340 /X. Xg, from zinc. Rriman, 1916 


■036 fx. Millikan, 1920 
-06 fx. Lyman, 1914 


•12 /X, Lower limit of fluorite transparency. 
Schumann, 1893 

•18 fx. Lower limit of air transparency, and of 
quartz, rock-salt, and photograpliic gelatine 


• -36 fx. Lower limit of glass transparency 
•4 /x. Visible limit in violet 

• -64384696 /z. Fundamental standard wave-length 
•8 fx. Visible limit in red 

■ 1 fx. Upper limit of photography 
- 3 fx. Upper limit of glass transparency 
-6-3 fx. Langley, 1886 












Table oe Wave-lengths [continvM) 


Infra-red . • 
{continued) 


Unknown . j 


U +27 


Frequeney 

X lO'b 

Wavo- 
lenfith A fi. 

0'235 

12-8 

0-118 

25-() 

0'059 . 

51-2 

0-029 

102-4 

0-014 

204-8 

0-007 

409-0 

0-0036 

819-2 

0-0018 

1038-4 

0-0009 

3270-8 

0-00045 

0663-0 

0-00022 

13107-2 

0-00011 

20214-4 

0-00006 

62428-8 

0-00003 

104867-0 

0-000016 

209,716 

0-000007 

419,430 

0-000003 

838,800 

0-000001(i 

1,077,720 

0-0000008 

3,366,440 

0-0000004 

0,710,880 

0-0000002 

13,421,700 

0-0000001 

20.843,620 

0-00000006 

53,087,040 

0-000000026 

107,374,080 


12-8 -d /JL. Upper limit of fluorite transparency 


• 15 iJL. Upper limit of rock-salt transparency 

• 23 fi. Upper limit of sylvino transparency 


■ 62 (j. NaCl 
-()3 /uKffl 
- 82 /I KBr 
-113^ AgBr 


- 162^111 


Roststrahlon. Rubens and oo- 
workers, 1897-1914 


- 218 u f Quf^rtz-lcns focal isolation of Hg arc 
omiHsion bands. Rubens and von 
Bacyor, 1911 


- 2000 fi. 0. von Baoyor, 1911 


■4000 Lampa, 1897 
- 0000 /i. Lobodow, 1895 


- 100000 /i. Rigid, 1893 


■ 000,000 /A. Hertz, 1888 


-Range of wavo-longtlis \iflod in radio com- 
muniontion in 1920, 60 m. to 60,000 m. 

Longestolectriowaves generated about 1,000,000 km. 




“ visibility ” curves obtained by plotting 
lasing separation of the interferometer 
!S as abscissae and corresponding energy 
ings as ordinates. In this way it was 
d that the radiation from a Welsbach 
idescent mantle contains waves over 
p. long, the maximum radiation being 
1 100 /i, Rubens (41) and von Baeyer in 
investigated by this method the long 
3S from a quartz mercury lamp and found 
jmission region between 200 and 400 (a 
maxima at 218 /x and 342 /x. Here is a 
wave 1/3 mm. in length, or over 500 
s the length of the yellow sodium ray. 
is the longest wave isolated to date, 
is only 2-^ octaves from the shortest 
ric waves (X = 2 ram.) obtained by O. von 
rer. The rapid progress in the knowledge 
he region between the visible spectrum 
electric waves in the last 30 years justifies 
hope that the remaining gap will soon be 
1 up. An effort in this direction was made 
44 by Rubens (42), and Schwarzschild, who 
I to find solar radiation between 400 and 
tx by the quartz lens method. Calculation 
icted that radiation could be measured if 
iun were assumed a black body at 6000° C. 

if the atmosphere were transparent, 
'ever, not a trace of deflection could be 
rved. .The explanation is probably that 
water-vapoxir in the earth’s atmosphere, 
3e absorption spectrum is complex and 
of bands below 400 /x, also possesses strong 
rption for still longer waves, 
andards of wave-length in the infra-red 
of the spectrum have been determined 
, considerable accuracy by Paschen (43) and 
landall (44), using thermopiles with which 
xplore the normal spectrum of concave 
ings. Their investigations cover the arc 
tra of a large number of the chemical 
lents. The measurements extend to wave- 
ths of 30 to 40 fx, and are probably not 
3 than a few tenths of an Angstrom in 
r. 

(8) Tablb oit Wave -lengths. — T he 
ts on pages 893-894 show the entire range 
[vave - lengths of electromagnetic waves 
)h are within the domain of scientific 
stigation at the present time. 
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Wave-lengths oe Light, first determinations 
of, corresponding to the different colours, 
made by Thomas Young. See “ Wave- 
lengths, The Measurement of,” § (1). 
Table of. See ibid. § (8). 

Wave StmEAOB, Pbesnel’s : the surface over 
which the energy emitted at a given instant 
from a point source in a biaxial crystal is 
distributed after any given interval of 
time ; it is the envelope of the series of 
planes obtained by drawing, at any time, 
the wave-fronts. See ” Light, Double 
Refraction of ” ; aWo “ Polarised Light 
and its Applications,” §§ (6) and (22). 

Webbe Illumination Photometer. See 
“ Photometry and lUumination,” § (58). 

Whitman Photometer: a form of flicker 
photometer. See “ Photometry and Illu- 
mination,” § (96). 

Wien’s Displacement Law. See “ Radia- 
tion Theory,” § (5). 

Wile Photometer. See “ Photometry and 
Illumination,” § (99) ; also (spectrophoto- 
meter) “ Spectrophotometry,” § (12). 

Wild’s Polarimeter. See “ Polarimetry,” 

§( 8 ). 


Window Epfioiency, synonymous with 
daylight factor. See “ Pliotometry and 
Illumination,” §§ (74) and (75). 

Wollaston’s Prism for Production of 
Double Images. See “ Polarised Light 
and its Applications,” § (12). 


WOOLHOUSB s Cycle of JNineteen : a 
particular musical temperament in which 
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3 being allotted to each tone and 2 to 
each diatonic semitone. See “ Sound,” 
§ (6) (iii.). 
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X-RAY Bulb, efficiency of. See “ Radiology,” 
§ (25). 

Made of metal. See ibid. § (15). 

X-RAY Crystal Analysis and Atomic 
Structure. See “ Crystallography,” § (19). 

X-RAY Crystallography. By “ reflecting ” 
monochromatic X-rays from the several 
faces of a crystal the arrangement of the 
atoms in the crystal can bo found. See 
“ Radiology,” § (32). 

X-RAY Photography op Metals, and op 
Welds. See “ Radiology,” § (33). 

X-RAY Protection: a representative com- 
mittee has drawn up a report containing 
recommendations for the protection of those 
working with X-rays and radium. See 
“ Radiology,” § (31). 

X-RAY Spectrometer, developed by Sir W. 
and W. L. Bragg, for tho investigation of the 
structure of crystals and tho absolute lengths 
of the edges of tho space - colls. See 
“ Crystallography,” § (16). 


X-RAY Spectrum, iiroduced on splitting up a 
heterogeneous beam of X-rays by means of 
“ reflection ” at a crystal face. See “ Radio- 
logy,” § (17). 

X-RAY Tubbs at National Physical Laboratory. 
See “ Radiology,” § (28). 

X-RAYS, the detection of. See “ Radiology,” 
’ § (7). 

The discovery of. See ibid. § (6). 

The nature of. See ibid. § (1). 

X-RAYS AND Aircraft. See “ Radiology,” 
§ (33). 

X-RAYS AND Materials. See “ Radiology,” 
§ (30). 

X-RAYS AND Medicine. See “ Radiology,” 
§ (29). 

X-RAYS AND Old Masters. See “ Radiology,” 
§ (34). 

X-rays and the War. See “ Radiology,” 
§ (33). 
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Young’s Experiment : tho first experimental 
arrangement in which true intorieronco of 
light was observed, described by Young in 
lectures published in 1807. See ” Light, 
Interference of,” § (3). 


Young’s Modulus for Glass. See “ Glass,” 
§ (26) (i.). 

Young’s Theory of Colour Vision : the 
earlier form of the trichromatic theory. 
See “ Eye,” § (11). 
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Zeeman Effect : a phenomenon, observed by 
Zeeman in 1896, occurring when a source 
of light is placed in a powerful magnetic 
field. The spectral lines are then resolved 
into components, which are polarised in 
certain directions, the simplest cases being 
theoretically accounted for by Lorentz 
theory. Sec “ Spectroscopy, Modem,” § (7). 

Zeiss Range-finder. See “ Range-finder, 
Short-base,” § (7). 

Zinc. Presence in glass renders it’ resistant 
to water attack. See “ Glass, Chemical 

■ Decomposition of,” § (1) (ii.). 

Zinc Sulphide, methods of preparation of, 
with radium salt, to form a luminous com- 
pound. See “ Luminous Compounds,” § (3). 


Zonal Candle-power: the average candle- 
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zone. See “ Photometry and Illumina- 
tion,” § (49). 

Zonal Spherical Aberration : an aberration 
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successive zones of the aperture. See 
“ Microscope, Optics of the,” § (6) ; “ Tele- 
scope,” § (3). 

Zsohimmbr’s test for effects of moist air 
on optical glass. See “ Glass, Chemical 
Decomposition of,” § (3) (i.). 

Zsigmondy and Siedentopf’s Ultramioro- 
sooPB. See “ Ultramicroscepe and its 
Applications,” § (1). 
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tlon Gratings, Tliuory,” 45 ; intinfcrencc rc- 
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wave-numbers of scries of spectra, “ Ritz,” 055, 
“ Spectroscopy, Modem,” 785 

Robiquet : biquartz added to polariser by, “ Polari- 
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Illumination,” 454 
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rays, " Radiolog:^” 609, 010 

Saokur : " Quantum Theory,” 636 
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gation and Navigational Instruments," 265, 266 
Schulz : errors dub to elliptic polarisation in Laurent 
polarimeter, “ Polarimetry,” 478 : polarising 
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radium a disintegration product, “ Radium,” 628 
Sohneke, L. : point systems, “ Cr.vstallography,” 18 
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scopy mth Ultra-violet Light,” 238 ; tlie name 
“ electron ” given to unit of electricity by, 
“ Radiology,” 594 

Strutt, R. J. (4th Lord Rayleigh) : radium clock, 
“ Radioactivity,” 581 ; scattering of light by 
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